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1. General introduction 
 Background 
In these days, “topology” has become an essential concept to describe physical systems in 
condensed matter physics1. Its fundamental idea consists of characterizing physical phenomena 
involving in field equation by topology. The term originally means to grasp common features of a 
whole geometry. For instance, the concept allows one to think of a rectangular shape as the same 
as a circle due to being able to continuously transform each other by some kind of mathematical 
operation (continuous transformation) despite those looks different at all, on the other hand, a two-
dimensional spherical surface in three-dimensional space cannot transform into toroid by any 
continuous transformation, therefore, these shapes do not belong to same “class” (homotopy 
group), where those figures are classified by topological invariant. Note that the systems belong to 
different class that means some kind of stability (not energetic stability). In physical systems, the 
topological invariant applies for parameters such as wave function and spin capable to create 
integral invariant. The first emergence was Dirac monopole, quantized monopole originating from 
coupling quantum mechanics with electromagnetic field. P.A.M. Dirac re-constructed 
electromagnetic field as “non-integrable phase” in the frame work of quantum mechanics, 
simultaneously, described the reasons why electron charge becomes e under the assumption of 
the presence of monopole by topological considerations2. After that, the concept extended, 
geometric (Berry) phase3 lead various modern physical phenomena such as integer quantum4,5, 
anomalous6,7, spin Hall effect8–11, topological insulator12–20 and so on. The above matters are typical 
examples for topology emerged in k-space. The topology is also utilized for spin systems in real 
space, its exemplary phenomenon is skyrmion.  
Skyrmion which was originally introduced by T.H.R. Skyrme21–23 to discuss non-linear field with 
taking the stability of hadrons into account in particle physics, represents topologically-protected 
soliton behaves as quasi-particle and is known to emerge in various fields24 including nuclear 
physics21–23,25, quantum Hall systems26,27, optics28, liquid crystals29–31, and Bose-Einstein 
condensation systems32–35. Magnetic skyrmion36, stabilized via electron spin, was firstly 
demonstrated in B20 compounds37,38, and then observed in various systems39,40 at low temperature. 
It has been revealed that the magnetic skyrmions exhibit a variety of exotic spin-dependent 
phenomena through an emergent field generated by its topology in real space41–43, where the 
topological charge (invariant) Q is defined by 




as the integral of spin-scalar chirality, meaning counts how many times m wraps the unit sphere. 
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Magnetic skyrmion has Q = ±1 whereas the uniform magnetization state, vortex and meron state 
have 0 and ±1/2, respectively. Therefore, it is recognized that magnetic skyrmion has remarkable 
stability against the other magnetic state, inspiring the use as information carrier. Note that 
magnetic skyrmion, magnetic skyrmion bubble and magnetic bubble cannot be distinguish solely 
based on the inner core size of the spin structure44–46, even though those which had been widely 
studied in magnetic bubble technology47 at one time were muddled until the topological definition 
prevailed in the community. Recently, it is learned that magnetic skyrmion and magnetic skyrmion 
bubble are homogenous magnetic texture due to possessing same topological charge with just 
only different size scale48. Room-temperature magnetic skyrmion bubble has been also observed 
in heavy metal/ferromagnet heterostructures with broken inversion symmetry, owing to an 
interfacial Dzyaloshinskii-Moriya interaction induced by strong spin-orbit interaction49–51. The spin-
orbit interaction also gives rise to spin-orbit torque under in-plane current application, allowing 
efficient control of the skyrmion bubble51 which shows promising potential for future spintronic 
devices52–54. However, extensive efforts to realize the skyrmion-based devices such as race-track 
memory43,46,52,55–57 have delineated fundamental issues. For instance, skyrmion Hall effect58–60, a 
diagonal motion of skyrmion with respect to the current direction via the Magnus force61 owing to 
the finite topological charge Q, is an obstacle when one utilizes skyrmions as information carriers 
moving on a track52,62. Theoretical studies predicted a skyrmion Hall effect-free motion for 
antiferromagnetic skyrmions because of the topological charge with opposite sign at each 
sublattice61,63. Skyrmion bubble in ferrimagnetic alloys have been recently reported64–66 and 
current-induced motion without skyrmion Hall effect is demonstrated at a specific temperature 
where the angular-momentum is compensated, but not in a fully compensated antiferromagnetic 
system. 
 
 Objective of the work 
One of the solution toward realization fully compensated antiferromagnetic skyrmion bubble 
at room temperature is to utilize synthetic antiferromagnet, indirect interlayer exchange coupled 
two ferromagnets antiferromagnetically through Ruderman-Kittel-Kasuya-Yosida interaction, 
where the magnetic moment is controlled easily with varying those ferromagnetic layer thickness67. 
However, the magnetic skyrmion bubble has not been experimentally observed in synthetic 
antiferromagnet yet. It has not been even comprehended how to design synthetic antiferromagnet 
for formation of magnetic skyrmion bubble and its efficiently current-induced motion. Here, I 
address to realize antiferromagnetic skyrmion bubbles and its efficient current-induced motion at 
room temperature by using synthetic antiferromagnet through material engineering. To open up 
the path way to skyrmionic device application, I also deal with unraveling the mechanism for its 
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current-induced dynamics with combination of micromagnetic simulation in detail. 
 
 Constitution of this dissertation 
The dissertation consists of 5 chapters: 
Chapter 1 is the general introduction and Chapter 2 introduce the physical parameter including 
topology to describe magnetic skyrmion and the relating physical phenomena, and discuss the 
fundamental issues which ferromagnetic skyrmion has for skyrmionic device application. The 
chapter 3 and 4 deal with the main results of the dissertation: Chapter 3 comprehend how to 
control the sign and the magnitude of Dzyaloshinskii-Moriya interaction which is one of the 
indispensable exchange interaction for formation of magnetic skyrmion bubble. Firstly, I 
conceptualize the strategy for realization of antiferromagnetic skyrmion bubble, then based on the 
strategy, focus on the specific material and investigate it systematically. Chapter 4 deal with 
experimentally formation of synthetic antiferromagnetic skyrmion bubble at room temperature. In 
addition, its current-induced dynamics is also addressed. Furthermore, the topology of emerged 
magnetic object and interlayer coupling effect are delved in through micromagnetic simulation. 
Simultaneously, unravel the dominant factor as for current-induced synthetic antiferromagnetic 
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2. Dzyaloshinskii-Moriya interaction and magnetic skyrmion 
 Topology for spin systems in real space 
Topology originally means to grasp common features of a whole geometry. It is often raised 
intuitive and easy-to-understand example of donuts (torus) and ball (sphere) where donuts can be 
transformed into cup by continuous transformation while ball cannot be transformed into cup by 
any continuous transformation so that donuts and ball are distinct ‘topologically’ in which they are 
characterized by the number of hall representing topological number. Mathematically, this concept 
stems from Gauss-Bonnet’s theorem presenting that Integrating curvature of arbitrary structure on 
closed surface can characterize that by the number of the hall (gunus).  
Here, I apply this concept to spin system in real space. First of all, I define three-dimensional 
spin systems like Bloch sphere, 











where θ, and φ denote zenith angle, and azimuthal angle, respectively. As shown in Fig. 2.1, I 
consider stereoscopic projection of point P defined by intersection of surface of a sphere and 
straight line between (0, 0, 1) and (x, y, 0) to two dimensional plane (x, y), where I define that the 
center of sphere is placed on the origin (0, 0, 0).  
 
Figure 2.1 Stereoscopic projection of surface of a sphere to two-dimensional plane. 
Vector equation for red straight line is 
      11,,1,,1,0,0  zyxzyx SttStSSSStl . 
(2.2) 



























































I convert x and y into r, 
   






























































































































Note that φ’ means azimuthal angle in two-dimensional plane (not of spin system). I calculate Sy 
as well, finally I obtain 
   



























































Above conversion is not defined at north pole (top of surface) that is why I note that infinity 
   yxrSz ,,1 , (2.8) 
where, infinity direction corresponds to the edge of two-dimensional plane. Equation (2.7) indicates 
that the sphere created by the phase of spin in real space definitely coincides with the point of two-
dimensional plane by one-to-one. This correspondence has been known as one-point 
compactification. Also this means that one can characterize three-dimensional spin system in two 
dimensional plane by how many times spins can cover surface of a unit sphere. Importantly, this 
sphere becomes singularity for the field integral. Because the field integral is given by just this 
singularity, arbitrary spin texture consisting of three-dimensional spin components can be 
distinguished in terms of this quantity in units of unit sphere surface area.  
When I recall the definition of topological invariant Q, 




I expand partial derivative terms, 
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   
































































































































Equation (2.12) presents the integral of solid angle. Thus, it is clear that if the spin systems can cover 




































































































































































It can be understood that the topological charge becomes finite. Figure 2.2 (left side) shows the 
spin configurations I considered here. The spin configuration is called ‘magnetic skyrmion’ whose 
topological charge is ±1. The magnetic skyrmion is distinct for topological charge from the other 
magnetic state. Right figure in Fig. 2.2 can be obtained by continuous transformation (placing initial 
azimuthal angle with π/2). 
These are identical object topologically, however, in actual, the symmetry of system’s 
interaction determines that the systems favor which spin configuration. In next section, I introduce 
the interaction called Dzyaloshinskii-Moriya interaction which incorporates the twisting and chirality 





Figure 2.2 Magnetic skyrmion. R and P means continuous transformation and one-point 
compactification. Left side and right side are called Néel-type and Bloch-type skyrmion, 






 Dzyaloshinskii-Moriya interaction 
Here, I describe Dzyaloshinskii-Moriya interaction (DMI) which is indispensable interaction to 
induce chiral magnetic object. Firstly, I discuss phenomenologically that, the Hamiltonian for DMI 
is written by  
 21DM SSD H . (2.16) 
If S1 and S2 are in perpendicular plane against D vector, and have finite angle θ, then Hamiltonian 
is transformed into 
sin21DM SDSH  . (2.17) 
I add symmetric exchange interaction term,  
 cos2sin 211221t SSJSDSH  . 
(2.18) 























According to this equation, θ takes a value neither zero nor π. Therefore, neighbor spins are canted 
with finite θ. Increasing Dzyaloshinskii-Moriya constant D, θ is closing to π/2. In addition, the sign 
of Hamiltonian is reversed against exchanging the position of spin S1 and S2, meaning that DMI 
induces chiral spin structure, so that this interaction is called chiral exchange interaction. If the 
positions of S1 and S2 are equivalent at all, Hamiltonian have to be invariant against exchanging the 
position of S1 and S2. Therefore, this interaction does not occur in the system which possesses parity 
symmetry. Above discussion, if the systems possess cross-product type exchange interaction, the 
system is allowed to take twisting spins with chirality. 
Next, I discuss how to achieve such chiral exchange interaction in the magnetic system. I 
assume the excitation process through spin-orbit interaction HLS and symmetric exchange 
interaction Hex arising from Pauli exclusion principle with two electrons possessing states e and g. 






















where, 1 and 2 denote electron’s index. First term means that excitation g1 to e1 through spin-orbit 
interaction, then relaxation e1 to g1 through exchange interaction and its reverse process. In second 
term, same process is conducted for electron of index 2. From Spin-orbit interaction HLS ≡ ξSO(L·S) 
where ξSO, L, and S are spin-orbit interaction parameter orbital momentum and spin momentum 
































































































Note that this Jex is exchange integral between grand and excitation state. I continue to calculate, 
   
   
   
































































   . 
(2.24) 
Thus, eq. (2.23) becomes 
    
    
     
































































































































































































































































































































































































































































































Hence, I obtain 
    















































From this equation, it is easily comprehended that electron excitation process should be anti-
symmetric which stems from spatial broken inversion symmetry. (Equation (2.27) should be zero if 
the system has spatially inversion symmetry meaning). Here, the reason for spin-orbit interaction 
being indispensable why is that spin-orbit interaction couples orbital-angular momentum led by 
the electron’s excitation to macroscopic spin moment. In summary, one can reach to conclude that 
orbital-angular momentum led by spin-orbit interaction, which couples to macroscopic magnetic 
moment becomes finite as long as the systems breaks spatial inversion symmetry. Consequently, 
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the induced angular momentum without cancelling out twists magnetic moment against the axis 
L·S. DMI shows various symmetry, this symmetry determines the type of magnetic skyrmion. The 
cross-product type exchange interaction is first discussed by Dzyaloshinskii1 in terms of crystalline 
symmetry. Then, Moriya provided microscopic interpretation for this interaction through second 
perturbation.2 Thus, the interaction is named Dzyaloshinskii-Moriya interaction after the two people.  
Recently, it has been unraveling that DMI is also manifested at the interface in heavy-
metal(HM)/ferromagnet(FM) heterostructures with broken inversion symmetry through large spin-
orbit interaction of HM3–9. The first experimental observation which interfacial DMI figures 
prominently in determining magnetic order of the system dates back to 2007. Bode et al. revealed 
that mono-atomic layer (ML) Mn on W(110) substrate shows not perfectly antiferromagnetic order 
but slightly canted order by magnetic field-dependent spin-polarized scanning tunneling 
microscopy measurements at about 13 K.10 Also, they concluded that stabilized magnetic ordering 
is not helical (Bloch-type) but cycloidal (Néel-type) spin spiral along [11 ̅ 0  by consideration of 
symmetry based on Moriya’s rule2 and energy calculation utilizing density functional theory.10 
Similar effect was also observed in 2 ML Fe/W(110) which has unique rotation sense11,12. Under such 
circumstance, unprecedentedly fast current-induced domain wall motion over 100 m s-1 which is 
threshold value led by spin-momentum transfer mechanism was observed in Pt(3 nm)/Co(0.6 nm) 
system at room temperature.13,14 Firstly, it had been interpreted by Rashba effect-induced spin 
torque due to broken inversion symmetry. Subsequently, it was come to light that the scenario 
consisting of stabilized Néel DW for interfacial DMI and of spin-orbit torque can rather explain the 
observation well.15–17 Taking these opportunities, the study on interfacial DMI and related 
phenomena was explosively accelerated and developed to Néel-type (hedgehog-type) skyrmion 
realizing at room temperature in such systems. 
Theoretically, Fert had already pointed out that DMI could be manifested at surface or 
interface in low-dimensional systems through two-site2 or three-site18 (with impurity) spin-
scattering process before first experimental observation. There were three main streams for the 
origin of interfacial DMI. First one was magnetic proximity effect into heavy metal. Ryu et al. have 
led the conclusion that proximity-induced moment is related to the interfacial DMI from the facts 
that the strength rapidly decreases by inserting Au layer between heavy metal and ferromagnet 
despite Au being heavy-metal in itself16 and the difference between Au, and Pd in which interfacial 
DMI is emerged is only proximity-induced moment19.  
Second one was spin-orbit interaction induced Rashba-Edelstein effect20,21. This model 
substitute spin-orbit interaction term for Rashba-Edelstein effect. The mechanism is similar to 
perturbation model. 
Last one was orbital hybridization model between 3d of ferromagnetic metal and 5d of heavy 
metal. Fig. 2.3(a) shows schematic of 3d-5d hybridization mechanism.22 They discussed DMI in the 
context of correlation between DMI and orbital moment based on extended trimer model23 
originally proposed by Kashid et al. Through tight-binding model calculation, they found that in-
plane orbitals of Co and out-of-plane orbitals of Pt are mixed through inter-atomic (3d-5d) 
hybridization, then effective angular momentum is converted into spin canting through spin-orbit 
coupling.22 The result of calculation was good agreement with experimental result22 and that the 
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sign and strength of DMI follows Hund’s rule24 and 5d-band filling25 (Fig. 2.3(b) and (c)). 
Simultaneously, it is revealed that there is no correlation between DMI and proximity-induced effect 
from X-ray circular dichroism22. 
 
 
      (a) 





       
(c)        
Figure 2.3 3d-5d hybridization model for DMI. (a) Schematic of 3d-5d hybridization for DMI. 
(b) Interfacial DMI follows Hund’s rule. (c) The correlation between the sign, the strength of DMI 










 Magnetic skyrmion 
The magnetic skyrmion is first predicted by the group consisting of Bogdanov et al. in terms 
of symmetry and energy calculation.26–30 Fig. 2.4 shows various magnetic object classified by 
topological charge. Magnetic skyrmion itself is characterized by not only topological charge Q, but 
also vorticity Γ corresponding to rotation sense of vortex where counter-clockwise rotation (+1) and 
clockwise rotation (-1) correspond to skyrmion and anti-skyrmion, respectively, and helicity ψ 
stipulated in azimuthal angle of domain wall on the position (x, y) = (+, 0) which determines Bloch-
type (±π/2) and Néel-type magnetic skyrmion (0, π). Topological charge Q is determined by core 
direction of magnetic skyrmion and its vorticity. I write down 
















Fig. 2.5 shows various magnetic skyrmion. Bloch-type and Néel-type skyrmion can be distinguished 
by their helicity (0, π; Néel-type, ±π/2; Bloch-type). On the other hand, skyrmion and anti-skyrmion 
can be distinguished by their vorticity (1; skyrmion, -1; anti-skyrmion). 
 
Figure 2.4 Magnetic object characterized by topological charge. Hedge-hog, magnetic 
skyrmion, skyrmionium, anti-hedgehog, biskyrmion, in-plane skyrmion, skyrmion in 






Figure 2.5 Magnetic skyrmion characterized by their topological charge, vorticity, and 
helicity.32 
First experimental observation of magnetic skyrmion is a decade ago. Mühlbauer et al. 
identified mysterious A-phase emerged at a low temperature under application of magnetic field 
in chiral magnet MnSi as formation of skyrmion lattice from neutron scattering.33 Then, the skyrmion 
lattice phase was also observed in similar material system, Fe1-xCoxSi being the cubic B20 
compound.34 After one year, Yu et al. succeeded in the real-space observation of skyrmion lattice 
utilizing Lorentz transmission electron microscopy.35 After that, it has been revealed that magnetic 
skyrmion can be hosted in not only B20 compound but also a variety of material systems, thin film36, 
multiferroic material37, ferromagnetic manganite protecting spatial inversion symmetry38, polar 
magnetic semiconductor39, multilayer system40,41, magnetic topological insulator42, ferrimagnetic 
alloy43, magnetic oxide44,45, frustrated magnet46 and so on. Especially, in magnetic multilayer 
systems with broken inversion symmetry, magnetic skyrmion can be easily realized at room 
temperature, where interfacial Dzyaloshinskii-Moriya interaction induced by strong spin-orbit 
interaction of heavy metal plays a significant role in hosting such room-temperature magnetic 
skyrmion. 
Magnetic skyrmion exhibits intriguing functionalities which stems from its topology. Those are 




 Skyrmionic device application 
A variety of skyrmionic device applications utilizing intriguing features including topological 
protection have experimentally and theoretically been proposed. Most prominent application is 
memory47 in racetrack type48,49 and so on50.  
Racetrack-type memory with shift-register functionality was originally demonstrated in 
utilizing DW51,52. As shown in Fig. 2.6(a), It consists of an array of magnetic nanowires arranged 
horizontally or vertically, incorporating individual spintronic reading and writing nanodevices used 
to modify or read a train of ~10 to 100 magnetic domains separated DWs, where their domain store 
a series of data bits. DW is injected into the racetrack by local pulse magnetic field arising from 
applying current pulse.52 As can be seen in Fig. 2.6(b), DWs are moved in the racetrack under 
current pulse application through spin-transfer torque (STT) where the motion direction is 
controlled by current flow direction, which allows one to address an enormous amount of data in 
the way of shift register.52 First demonstration, 010111 shift-resister operation was a three-bit 
unidirectional serial-in, serial-out memory in which the data are coded as the magnetization 
direction of individual domains separated by injected DWs as shown in Fig. 2.6(c). The data was 
written into the leftmost domain, was shifted, and then read from the state of the rightmost domain. 
The magnetization configuration was inferred from whole nanowire resistance depending on the 
presence of DW (111=000≠001=011=100=110≠010=101). The demonstration, motion of a series of 
DWs at high speed using nanosecond current pulses expanded the possibility of DW–based 
devices.51 
For years later, skyrmion racetrack memory in which skyrmion replaces trivial magnetic 
domain which codes the data separated by DWs was proposed because of its ultra-small size scale 
and being able to be driven as well as DWs by injecting current pulse as shown in Fig. 2.747–49, 
which are significantly challenging for (trivial) magnetic bubble. Although the concept of racetrack 
memory had originally been proposed envisaging magnetic bubble53,54, (trivial) magnetic bubble 
were struggling with those problem. In skyrmion racetrack memory, 0 and 1 correspond to the 
absence and presence of skyrmion, respectively. There are some advantageousnesses of replacing 
DWs with skyrmions. First one is their size scale relating to density of information in storage device.55 
The magnetic skyrmion can be scaling down to below 10 nm. As a matter of fact, skyrmion lattice 
with similar spacing to the skyrmion diameter was already observed (Fig. 2.7(b)) much smaller than 
magnetic domains in a DW racetrack (Fig. 2.7(a)).33,35,47,48 Second one is robustness against 
disturbance. micromagnetic simulation revealed that magnetic skyrmion is not trapped at the edge 
defect for its topological protection (Fig. 2.7(a)).48 Also, straightforward drift motion was achieved 
even in the racetrack with an impurity concentration of 0.1% (Fig. 2.7(c)).49 These potential 
stimulated the community to demonstrate indispensable features including room-temperature 
stabilization in chiral magnet56, sputtered HM/FM heterostructure40,41 under zero magnetic field57 
for geometrical confinement58, interlayer exchange coupling59, nucleation, annihilation through 
pulse magnetic field41, spin torque60–63, electric field64,65, thermal effect66, motion through spin 
torque41,49,55,67, excited magnon by thermal gradient68,69, and detection through anomalous Hall 
effect70,71, topological Hall effect72–74, tunnel magnetoresistance effect75, tunnel non-collinear 
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magnetoresistance effect76. Extensive studies have been keeping for realization of skyrmion 
racetrack memory.     
 






Figure 2.6 Racetrack memory (a) Racetrack memory with reading and writing functions, and 
storage array utilizing that as building block.52 (b) Current-induced DW motion observed by  
magnetic force microscopy (MFM), where white, black objects and thin white line correspond to 
head-to-head, tail-to-tail vortex DWs, and the notch of nanowire to retain DWs. Positive current 
pulses were applied between successive images sequentially from top to bottom.52 (c) 
Demonstration of shift-register functionality. The data was written into the leftmost domain, was 
shifted, and then read from the state of the rightmost domain. 










Figure 2.7 Skyrmion motion on the track (a) A train of skyrmion motion spacing 57 nm in the 
track with edge defect.48 (b) Skyrmion size scale observed in reciprocal33 and real35 space.47 (c) 




In micromagnetic simulation, it was also proposed that skyrmion is utilized for logic 
operations.77 The device consists of two inputs connecting bifurcated nanowire and one output. 
The difference between OR and AND gates is the width of central nanowire. As for OR gate, 
skyrmion inputs is first converted to DW, then moved in nanowire where if there are two skyrmions 
corresponding to 1+1, they are merged in the central nanowire, eventually DW is converted to 
skyrmion at exit of nanowire as shown in Fig. 2.8(a). This operation achieved OR operation. As for 
AND gate, operation is same at all in branch of nanowire, while DW is converted to half skyrmion 
or DW depending on inputs to the central nanowire as can be seen in Fig. 2.8(b). In the case of 
half skyrmion corresponding to 0·1 or 1·0, it disappears at the exit, otherwise DW is converted to 
skyrmion, which corresponds to 1·1. Therefore, this means AND operation. These are considered 
that extension of DW logic78 to magnetic skyrmion. 
 
 (a)                                      (b)  
Figure 2.8 Skyrmion logic operation (a) OR gate, and (b) AND gate operations.77 
  
Recently there develops the other direction in application of magnetic skyrmion that is 
unconventional computing such as artificial neuromorphic79,80, reservoir81 and probabilistic82,83 









Figure 2.9 Skyrmionic devices for neuromorphic computing. (a) Magnetic skyrmion-based 
artificial synaptic device.79 (b) Magnetic skyrmion based artificial neuron device.80  
(a)                                  (b) 
  
Figure 2.10 Skyrmion reshuffler device for probabilistic computing. (a) Schematic of 
reshuffler device for probabilistic computing utilizing magnetic skyrmion.82 (b) Demonstration of 
skyrmion reshuffler device.83 
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 Fundamental issues for application 
One of the fundamental issues for skyrmionic device application, skyrmion Hall effect, has 
been known for diagonal motion with respect to driving force direction. Starting from Landau-
Lifshitz-Gilbert-Slonczewski equation shown as follows, I write down skyrmion motion under electric 
current application in heavy-metal/ferromagnet heterostructure with broken inversion symmetry.84 
      





















where γ, μ0, m, Heff, α, and s are gyromagnetic ratio, permeability in vacuum, magnetic moment 
depending on time t and its position r, effective magnetic field, Gilbert damping constant, and unit 
vector of spin accumulation respectively. u = (gμBPJFM)/(2eMS), β, HSL = (ħξSLJHM)/(2etFMMS), and HFL 
are spin-polarized current velocity, non-adiabaticity factor, Slonczewski-like effective field, and field-
like effective field, where g, μB, P, JFM, e, MS, ħ, ξSL, JHM, and tFM are Lande’s g-factor, Bohr magnetron, 
spin polarization, the current density in ferromagnetic layer, elementary charge, spontaneous 
magnetization, Dirac constant, the SOT efficiency relating to spin Hall angle, the current density in 
heavy metal, and the ferromagnetic layer thickness, respectively. In eq. (2.31), I take cross product 
with m, first term is  



























































































Fourth term is 
        








Fifth term is  
       













Eventually, I obtain 
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Here, I assume that the magnetic structure is never deformed during its motion, which is so-called 
rigid-body model. Relative coordinates ζ(x’, y’, z’, t) ≡ r-R(X, Y, Z, t) from center of mass coordinates 
R(X, Y, Z, t) is introduced to describe motion of magnetic skyrmion being quasi-particle. The time 












































































































Drift velocity of center of mass υd can be introduced. According to this equation, I rewrite modified 
LLG equation,  
        
       

















note that I assume that S does not change arbitral position. Then, eq. (2.38) becomes 
    
       

















I expand gradient term, 
   
       































Further I take inner product with gradient of arbitrary variable -ꝺm/ꝺζi, 
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By using A · (B x C) = B · (C x A) = C · (A x B), eq. (2.41) becomes 
   






































































By integrating three-dimensional space, eq. (2.42) becomes 
 
 














































































































































































































































For instance, when i equals x’, left side becomes  
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When i equals y’, left side becomes 
     
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where G, D and Feff are gyrocoupling vector, dissipative tensor, and gradient of effective magnetic 
field respectively. On the other hand, right side is 
    
    













































































where one can vanish ferromagnetic layer thickness factor by cancelling out with left-hand side. 
































































Then m = sinθcosφr + sinθsinφφ + cosθz, eq. (2.50) becomes 
 

















































































































where note that magnetization is uniform along with z direction, and polar angle θ of 
magnetization depends on r within skyrmion while azimuthal angle φ does not depend on r, and 
initial angle ψ (helicity) coincides with azimuthal angle of domain wall on the position (x, y) = (+, 
0). Therefore, eq (2.51) is transformed into 
   
 
     
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where ψ means rotation from φ, positive sign corresponds to rotation in counter-clockwise 
































































SL xR , 
(2.56) 
where unit vector of x means current flow direction in heavy metal. This integral has analytical 
expression84, but it is lengthy and no significant meaning here at least, so that I omitted details. 


























































To return vector form, eq. (2.57) becomes 
 
 
     






























































































































































         
     
 
       
        
 
       
     
 
    
      
 
    
      
 
       
      
 
     
    
 
     






































































































































































































































































































































































































































































Hence, field-like torque does not act skyrmion motion at all based on rigid-body model, because 
circular symmetry of magnetic skyrmion. 
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Therefore, skyrmion can move along diagonal direction with respect to current flow direction in 
heavy metal which has been known as skyrmion Hall effect. For instance, e < 0 and HSL >0 indicates 
skyrmion with left-handed chirality and core direction being negative (down spin: -) is driven 
positive diagonal direction if current flows to positive direction. By Iwasaki et al., It was pointed out 
that this diagonal motion limits the velocity of skyrmion utilized for skyrmion-race track memory49,85, 
because skyrmion would collide with the edge of race-track if it moves too fast.   
Secondly, Büttner et al. pointed out that ferromagnetic skyrmion are subjected to scaling 
down limit due to strong stray field. They described analytical framework to treat isolated skyrmion 
with assuming circularly-symmetric 360o domain wall profile and a homogeneous magnetization 
profile in perpendicular direction by incorporating non-local stray field interaction which had been 




Thirdly, recently often utilized multilayer stacks for achieving high thermal stability lead to 
chirality modification which allows the skyrmion to possess additive collapse path and causes 





 Antiferromagnetic skyrmion 
It was independently from two groups predicted that antiferromagnetic skyrmion composing 
two antiferromagnetically coupled skyrmion can be free from skyrmion Hall effect which exists 
inherently in ferromagnetic skyrmion. Zhang et al. utilize synthetic antiferromagnet meaning 
coupling along perpendicular direction through interlayer exchange coupling in Fig. 2.11(a)87, 
whereas Barker and Tretiakov utilize G-type antiferromagnet88 where late in Fig. 2.11(b)89. They came 
to the same conclusion that both sub-lattices generate opposite Magnus force in antiferromagnetic 
skyrmion, however they are cancelled out so that antiferromagnetic skyrmion can be driven in a 
straight trajectory along the current. Zhang et al. also pointed out vanishing skyrmion inertia arising 
from topological mass due to effective topological charge being zero. Besides, Barker and Tretiakov 
referred to topological protection theoretically, pointed out topological charge in antiferromagnetic 
skyrmion is also defined by Néel vector n = m1 – m2 instead of typically used m where 1 and 2 
denote each sub-lattice whereby they contend that antiferromagnetic skyrmion does not indicate 
topologically trivial spin texture even though their dynamics can be characterized from convenient 
representation being effective(total) topological charge *Q=Q1+Q2. 
This cancellation of Magnus force because of opposite topological charge also triggers 
vanishing topological Hall effect as can be comprehended from that being inverse effect against 
skyrmion Hall effect. On the other hand, topological spin Hall effect is emerged as shown in Fig. 
2.12 
 










Figure 2.11 Predicted antiferromagnetic skyrmion. (a) Synthetic antiferromagnetic 
skyrmion.87 (b) Antiferromagnetic skyrmion in crystalline G-type antiferromagnet.89 (c) Their 













Figure 2.12 Topological spin Hall effect. (a) Topological spin Hall effect for synthetic 
antiferromagnetic skyrmion. (b) Schematic of emergent magnetic field for ferromagnetic and 
antiferromagnetic skyrmion. (c) Impurity dependence of topological spin Hall effect.  
 
Experimentally, antiferromagnetically coupled skyrmion bubble was first discovered in the 
stack consisting of ferrimagnetic alloy, [Pt(3 nm)/Gd25Fe65.6Co9.4(5 nm)/MgO(1 nm) x20 by Woo et al. 
as shown in Fig. 2.13(a),(b).43 Furthermore, current-induced motion of ferrimagnetic skyrmion 
bubble with inhibited skyrmion Hall effect was also demonstrated by spin-orbit torque in Fig. 2.13(c). 
After that, Caretta et al. revealed that ferrimagnetic skyrmion can be stabilized at ultra-small scale 
(10-20 nm) as compared ferromagnetic one ranging from 30 nm~2 μm40,41,61 even at room-
temperature as shown in Fig. 2.14(a) using Ta(1 nm)/Pt(6 nm)/Gd44Co56(6 nm)/TaOx(3 nm) stack, 
thanks to reduction of stray-field effect as predicted62 by numerical calculation.90 Then, Hirata et al. 
demonstrated that skyrmion Hall effect vanishes completely at angular-momentum compensation 
temperature as can be seen in Fig. 2.14(b).91 They utilized half-skyrmion bubble whose topological 
charge becomes 1/2 by strongly pinning skyrmion bubble at the edge of wire. It was elucidated 
that skyrmion Hall effect correlates to not magnetic moment but angular-momentum through 
experimental observation and analytical derivation92 of half-skyrmion Hall angle in which 
topological charge is strictly defined by Néel vector.91 
These experimental works definitely indicated antiferromagnetic skyrmion possesses 
promising features for skyrmionic-device application. However, ferrimagnetic alloy exhibits 
significantly sensitive magnetic properties to temperature. Moreover, the values of g-factor and 
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magnetic moment are distinct at each sub-lattice, thus, compensation temperature between 
magnetic moment and angular momentum are not consistent typically. Consequently, 
ferrimagnetic material is not cut out for device application innately.  
Recently (under peer review process of this work), formation of skyrmion in synthetic 
antiferromagnet where such problems are completely disappeared was achieved by Legrand et 
al.93 but current-induced motion was unable to be attained owing to not tailored the stacks with 
current-driven motion in mind. In next chapter, I start from establishing the strategy to achieve 








                             
 
 







Figure 2.13 Experimental observation of ferrimagnetic skyrmion.43 (a) Formation of 
ferrimagnetic skyrmion bubble under application of magnetic field. (b) Skyrmion bubble 
antiferromagnetically coupling between Gd and Fe sub-lattice. (c) Current-driven motion by 
spin-orbit torque with suppressed skyrmion Hall effect.   
 
 














Figure 2.14 Some experimental reports of ferrimagnetic skyrmion. (a) Room-temperature 
stable ferrimagnetic skyrmion at ultra-small scale (10~20 nm).90 (b) Vanishing skyrmion Hall effect 
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3. Quantitative evaluation of Dzyaloshinskii-Moriya 
interaction and spin-orbit torque for formation and 
current-induced motion of synthetic antiferromagnetic 
skyrmion bubble 
 The strategy for formation of synthetic 
antiferromagnetic skyrmion bubble 
As described in Chapter 2, Dzyaloshinskii-Moriya exchange interaction (DMI) can induce 
chiral magnetic structure in spin systems. The controlling of the sign and the magnitude is one of 
the significant factors for formation of synthetic antiferromagnetic skyrmion bubble. For inducing 
magnetic skyrmion bubble in synthetic antiferromagnet, it is indispensable that the sign of DMI is 
unified between upper and lower ferromagnetic layers with interlayer exchange coupling as shown 
in Fig. 3.1. For instance, when each stack is constructed in the order of substrate/HM/ferromagnet 
(FM), the heavy metal (HM) material to be able to induce left-handed/counter-clockwise domain 
wall (DW) chirality for bottom ferromagnetic layer and right-handed/clockwise DW chirality for top 
ferromagnetic layer is required, respectively because the chirality is inverted through mirror 
inversion (parity transformation) as can be seen in Fig. 3.1. As I mentioned in chapter 2, the sign 
and the magnitude of interfacial DMI approximately follow Hund’s law, assuming the 3d-5d orbital 
hybridization mechanism which is the most plausible model so far1–4. This model indicates that the 
sign of DMI can be controlled by 5d band filling, where having 5d band less than half-filled shows 
the positive sign (right-handed/clockwise) whereas more than half-filled shows the negative sign 
(left-handed/counter-clockwise). As a matter of fact, large DMI with left-handed/counter-clockwise 
DW chirality has been observed experimentally in Pt/Co system4–9. Since spin-orbit interaction 
parameter ξso is proportional to atomic number (ξso = Ze2/(2mecr3), where Z, e, me, c, and r are 
atomic number, elementary charge, electron’s mass, the velocity of light in vacuum and the distance 
between nucleus and electron, respectively), interfacial DMI with negative sign is generally larger 
than that of positive sign. It is rational to choose Pt as bottom HM, because choosing that as top 
HM leads to decreasing interfacial DMI10 owing to magnetic dead layer, the difference in crystallinity 
and so on. This is the reason why I determined DW chirality of the synthetic antiferromagnet as 
left-handed/counter-clockwise one. On the other hand, one comprehends that , Hf, Ta, or W having 
the number of 5d electrons less than half of closed shell could be used to induce right-
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handed/clockwise DW chirality. Among these materials, W would be one of the most appropriate 
candidates in terms of current-induced skyrmion motion due to giant spin Hall angle11–14. As shown 
in chapter 2, spin Hall angle is one of the most significant factors determining the strength of driving 
force. However, Kim et al. have recently observed left-handed/counter-clockwise chirality despite 
using W. They revealed that the magnitude of DMI is affected by crystallographic phase of HM by 
using amorphous-W, α-W, and β-W respectively, but did not refer to the intriguing sign reversal to 
left-handed/counter-clockwise DW chirality.15 Thus, the factors governing the magnitude and sign 
of DMI and DW chirality in W/FM heterostructures remain unclear. In this chapter, FM layer thickness 
dependence of DMI and DW chirality in W/CoFeB (or FeB) heterostructures is firstly investigated 
systematically by magnetic field-induced DW motion16–18 and spin-orbit torque (SOT)-assisted 




Figure 3.1 Sign reversal of interfacial Dzyaloshinskii-Moriya interaction by 










 Stack structure for W/(Co)FeB MgO systems 
Figure 3.2 shows three series of stack structures used in the investigation of DMI in HM/FM 
heterostructure, i.e., sub./α-W(4 nm)/ Co0.19Fe0.56B0.25(t nm)/ MgO(1.6 nm) (series A, hereafter), 
sub./β-W(4 nm)/Co0.19Fe0.56B0.25(t nm)/ MgO(1.6 nm) (series B, hereafter), sub./α-W(4)/Fe0.75B0.25(t 
nm)/MgO(1.6 nm)/Ta(2 nm) (series C, hereafter), with various FM thicknesses t (numbers in 
parentheses denote nominal thickness in nm). The stacks are deposited by dc and rf magnetron 
sputtering on thermally oxidized Si substrates. All the stacks are annealed at 300°C for 1 hour. The 
crystallographic phase of W (α or β phase) is controlled by the sputtering condition.13 
Magnetization measurements and thermally-activated DW motion measurements are carried out 
for blanket films while current-induced hysteresis shift measurements is measured from 50-μm-
long and 10-μm-wide Hall-bar devices fabricated by photolithography and Ar-ion milling. All the 
measurements are conducted at room temperature. 
 
 





 Magneto optical Kerr effect 
Magneto-optical Kerr effect (MOKE) is that reflected light from transformed into the elliptically 
polarized light whose long axis direction rotates with respect to polarization direction of linearly 

























where B = μH, D = εE, μ = μrμ0, ε = εrε0. μr and εr denote relative permeability tensor and relative 






















where ω = 2πf, k, and r are the angular frequency of electromagnetic waves, wave vector, and 

























































































































































where, c is the velocity of light in vacuum and wavenumber k = 2π/λr. λr means wavelength in 
medium. As λr equals 2πcr/ω and the velocity of light in medium cr = c/n where n represents 
refractive index, k equals nω/c. In general, refractive index should be complex number owing to 
attenuation of wave so that n is expanded to n+iκ with additive extinction coefficient κ. Then, 
wavenumber k = nω/c + iκω/c = (ω/c)N, where N = n + iκ presents complex refractive index. In 






























































































When I consider wave propagates along z direction in the medium whose magnetization M directs 









































































































































































Thus, complex refractive index N is expressed by dielectric diagonal and non-diagonal term of the 
medium. 
Secondly, I consider the situation in which oblique light incidence of finite angle θ0 reflects 






































































































































































































































































































































































Eventually, I derive Kerr rotational angle in polar configuration assuming perpendicular light 












Here, I define the complex refractive index and the complex amplitude reflectivity for clockwise 
circularly polarized light and counter-clockwise polarized light are N+, N-, r+ and r-, respectively. 















I assume that linearly polarized incident light which oscillates in y direction propagates along z 
direction, 
   20inc exp eE zktiE z  , 
 
(3.18) 
where linearly polarized incident light can be decomposed of clockwise and counter-clockwise 

























Utilizing Fresnel reflectivity r+exp(iθ+), r-exp(iθ-) to clockwise, counter-clockwise circularly polarized 
















































































































































































The e1 term becomes 






































































































































































































































































































































































The e2 term becomes 
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Finally, eq. (3.21) is transformed to 
   












































































































































































































































































Last part in eq. (3.24) indicates that reflected lights turn –∆θ/2 with ellipticity ∆r/(2r’) defined by the 
ratio of x to y (y/x) meaning that Kerr rotation and ellipticity stems from the difference in response 
for the phase and the magnitude of reflectivity, respectively between clockwise and counter-
clockwise circularly polarized lights. Note that positive rotational angle represents clockwise-
rotation and both lights (independent on their polarization) are modified by a factor of r’exp(iθ’). 




































where ΦKerr means complex Kerr rotation angle defined with ellipticity η. In order to calculate 
complex Kerr-rotation angle, I find derivative of universal (polarity-independent) Fresnel reflectivity 
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where ∆r’ and ∆θ’ indicate the polarity dependent complex reflectivity index and rotational angle 
from the polarity independent ones r’ and θ’. Therefore, ∆r’ and ∆θ’ correspond ∆r and ∆θ in eq. 
(3.25), respectively (∆r’→∆r, ∆θ’→∆θ). Note that ∆r’’ means the difference in polarity dependent 
































































































































































































































































where r’’ ≡ r’’+ + r’’- = (1/2)(|r+|+|r-|)exp[i(∆θ++∆θ-) . This expansion with linear approximation allows 
me to reproduce complex Kerr-rotation angle by just using polarity-dependent Fresnel reflectivity.  
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It is realized that non-diagonal dielectric constant causes magneto-optical Kerr effect. This is 
guaranteed by Onsager’s reciprocal theorem. If the systems break time-reversal symmetry, non-
diagonal dielectric term which is correlated to refraction and reflection depending the polarity 
should be non-zero and odd function in magnetization component, which brings about magneto-
optical Kerr effect.  
The experimental setup of MOKE microscope is shown in Fig. 3.3. The ultraviolet (UV) light 
whose wavelength is controlled to be 546 nm by narrow-band filter placed on before polarizer is 
linearly polarized through the first polarizer. Reflected light enters CCD camera through second 
polarizer which can be controlled manually, where crossed Nicols configuration enables me to 
maximize the contrast in magnetic domain pattern. Also, I take differential image between uniform 

















 Asymmetric magnetic bubble expansion 
 Asymmetric magnetic bubble expansion technique is utilized under simultaneous 
application of pulsed Hz and dc in-plane magnetic field Hx to evaluate DW chirality and 
Dzyaloshinskii-Moriya effective field HDMI in the presence of interfacial DMI16–18. Starting from a 
saturated magnetic state, I first nucleate magnetic bubble by pulsed Hz in the absence of Hx as 
shown in Fig. 3.4. The magnetic bubble is then expanded under the simultaneous application of 
pulsed Hz and dc Hx. Under the presence of Hx and HDMI, the magnetic bubble possesses domain 
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(3.31) 
where , 0, , KD and MS represent DW energy, Bloch-type DW energy, DW width, magnetostatic 
DW anisotropy energy density, spontaneous magnetization, respectively. Also,  
effSSeff0 ,4 KAAK    and       2ln,2 eff0
2
SD tNMNK xx  , 0, Keff, AS, teff and Nx 
mean permeability in free space, effective magnetic anisotropy energy density, exchange stiffness, 
effective ferromagnetic thickness and demagnetization factor in x direction for DW18,20. DW velocity 
DW becomes a function of above DW energy in creep regime21–25, 
   zHexp0DW  
(3.32) 
where 0,  and ɳ present characteristic speed, creep exponent and scaling parameter which is 
proportional to DW energy . Creep exponent  defines universality class of the motion, equals to 
1/4 for metallic magnet systems in the case of driving force being magnetic field, which indicates 
that the systems belongs to random bond universality class21,25,26. The magnetic bubble is 
asymmetrically expanded with finite HDMI as the relative angle between HDMI and Hx varies along 
the edge of magnetic bubble as shown in Fig. 3.4 where the direction of HDMI is same for that of 
magnetic moment of the center inside DW under assumption that magnetic DW is being chiral 
Néel DW indicating SDDMI 4 MKH  . As can be seen in Fig. 3.4, chiral Néel DW is stabilized 
without any magnetic field. When you apply positive in-plane magnetic field, at one side, 
represented by red color, domain wall energy is decreasing so its velocity is increasing, but the 
other side represented by blue color, domain wall energy is increasing with transforming into Bloch-
type configuration, thus the velocity is decreasing once meaning the deference in DW velocity is 
emerged between both side, so that is called asymmetric bubble expansion. At compensation point 
between HDMI and HX, DW energy is maximized, thus its velocity shows minimum. Therefore, one 




         (a) 
 
         (b) 
 
 
Figure 3.4 Asymmetric DW velocity under in-plane magnetic field. (a) DW 
velocity as a function of in-plane magnetic field and DW configuration for magnetic 
bubble under in-plan magnetic field. Red and blue color represent rightmost side 
and leftmost side DW moment in magnetic bubble, respectively. Same color 
arrangement is applied to the graph for DW and Hx. (b) Asymmetric magnetic 





 Current-induced hysteresis loop shift 
 Here, the current-induced hysteresis shift which is the other reliable method19 to evaluate 
Dzyaloshinskii-Moriya effective field HDMI is introduced. Figure 3.5 shows a typical schematic of the 
experimental setup used in chapter 3. If the structure consists of heavy-metal/ferromagnet 
(HM/FM) heterostructure with broken inversion symmetry, the spin-orbit torque (SOT) arises from 
the current injection into the device thorough bulk-like spin Hall effect (SHE)27,28 and/or spin-orbit 
interaction by Rashba-Edelstein effect29,30. The effective spin-Hall-induced field (Heffz) originating 
from such SOT is expressed by 
JH z SOT
eff
0     
(3.33) 
where J is current density, χSOT corresponds to the SOT efficiency. For one dimension-like SOT-








   
(3.34) 
where UP-DOWN and DOWN-UP corresponds to DW from up to down and down to up with 
respect to x axis, respectively and em2/SL0    denotes SOT parameter.  , SL and e  are 
Dirac constant, the effective spin-Hall-induced (damping-like) torque efficiency31,32 described by 
spin-diffusion length and spin-mixing conductance, and the electron charge.  
 
 
Figure 3.5 Experimental setup processed into Hall bar device used for 
current-induced hysteresis shift.  
 
In the absence of any in-plane magnetic field Hx, induced Heffz from in-plane current does 
not act effectively because of randomness of the angle or the fixed angle by DMI. As can be 
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comprehended from previous section, since HDMI compensates in-plane magnetic field Hx, when 
Hx is applied, χSOT is on the increase and finite Heffz shifts magnetic hysteresis loop in Fig. 3.6(a). The 
current-induced hysteresis shift is proportional to current density J as expected from Equation (3.33) 
and the χSOT can be experimentally determined from the slope as can be seen in Fig. 3.6(b). When 
in-plane magnetic field equals to HDMI, χSOT can be saturated as shown in Fig. 3.6(c). For applied Hx 
equals HDMI, magnetic moment inside DW aligns along Hx direction as shown in right side for Fig. 
3.6(d) resulting in maximum χSOT. Thus, current-induced hysteresis loop shift measurements enable 
the simultaneous determination of HDMI and χSOT, on the other hand, note that this method is not 
capable of determining the sign of DMI due to the direction of the shift depending on only the SOT 
and the direction of in-plane magnetic field.  
 
Figure 3.619 A series of current-induced hysteresis shift technique. (a) Current-
induced hysteresis shifts by the effective spin-Hall-induced field Heffz. (b) Linear 
behavior of the shifts against current density J. (c) In-plane magnetic field Hx 
dependence of the SOT efficiency χSOT. (d) One-dimensional DW motion. 
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Some typical method to characterize interfacial Dzyaloshinskii-Moriya interaction are 
summarized in Table 3.1. The technique using Brillouin light scattering utilizing Doppler shift of spin-
wave by DMI can apply for even the magnetic film having in-plane magnetization easy axis, 
however the technique is not cut out for the measurement for thin film roughly less than 1 nm 
owing to deterioration of signal to noise ratio (S/N). The evaluation method utilizing DW is 
employed as the target of this study reaches to be less than 1 nm. 
 







 Magnetization measurement 
Figure 3.7 shows typical m-H curve for series A with t = 1.0 nm. All the stacks used in this 
chapter possess perpendicular magnetization easy axis. Areal saturation magnetic moment mS is 
determined at saturation point with sufficiently large external magnetic field. First of all, to 
determine magnetic dead layer tdead, the nominal ferromagnetic layer thickness t dependence of 
saturation areal magnetic moment mS is evaluated in Fig. 3.8, then tdead and MS are derived by the 
intercept of the linear fit and the slope, respectively. Each value for all the series which is summarized 
in Table 3.2 is determined to be 0.24-0.38 nm and 1.31-1.75 T, respectively, which is consistent 
previous work33. Then, m-H curve is renormalized to M-H curve by using effective ferromagnetic 
layer thickness teff = t-tdead and areal effective magnetic anisotropy energy Keffteff is obtained from 
the area denoted by fuchsia in Fig. 3.7. The FeB system shows larger Keffteff compared to CoFeB 
system as can be seen in Fig. 3.9, which is also consistent with a previous work34.  






































Figure 3.7 Typical m-H curve for series A with t (teff) = 1.0 nm (0.75 nm). 
 
Figure 3.8 Typical m-H curve for series A with t (teff) = 1.0 nm (0.75 nm). 
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Table 3.2 Summary of MS and tdead  
for all the series. 
 
 


























































Figure 3.9 Areal effective magnetic anisotropy 





 Hx and Hz dependence of DW velocity DW  
Magnetic bubble expansion under the application of an out-of-plane (Hz) and/or 
simultaneous Hz and in-plane (Hx) magnetic field provides considerable insights into the 
manifestation of chiral interactions prevalent in the system. Figure 3.10 shows the experimental 
results of domain wall (DW) velocity (DW) under the action of Hz for α-W(4 nm)/FeB(teff = 0.86 
nm)/MgO(1.6 nm)/Ta(2 nm) which corresponds to series C. For µ0Hz ≥ 2.0 mT, DW moves out of 
sub-threshold regime, into thermally-activated depinning and subsequently into flow regime above 
µ0Hz ≥ 7.0 mT, which is consistent with Ta/CoFeB/MgO systems25,35. 
 
 
Figure 3.10 Transition in motion regime for DW. (a) Perpendicular magnetic 
field Hz dependence of DW velocity DW without any in-plane magnetic field Hx for 
series C with teff = 0.86 nm. (b) Transition of DW motion from creep/depinning to 
flow regime.24 
 
The presence of Dzyaloshinskii-Moriya interaction (DMI) manifests as an effective in-plane 
magnetic field (HDMI) along x direction and can be quantified from the measurement of DW motion 
under simultaneous Hx and Hz from different regimes of DW motion. This approach for 
determination of HDMI agrees with some experimental results16–18 while disagrees for others36–40 as 
described in experimental method section. To provide a clear understanding, I have investigated 
DW motion under the action of Hx and Hz in different regimes of DW motion. Figure 11 shows 
asymmetric magnetic bubble expansion by applied µ0Hz of 1.6 mT under µ0Hx = ±74 mT for α-
W(4)/FeB(0.86)/MgO(1.6)/Ta(2) (W/FeB(0.86), hereafter), implying the presence of chiral magnetic 
interaction, DMI. However, the anomalous behavior as for Hx dependence of DW is observed as 
shown in Fig. 3.12 which is similar to previous studies36–40. Although the asymmetry in magnetic 







Figure 3.11 Asymmetric magnetic bubble expansion by applied µ0Hz of 1.6 
mT under µ0Hx = ±74 mT for series C with teff = 0.86 nm. 
 
 
Figure 3.12 Hx dependence of DW for series C with teff = 0.86 nm (a) under 0Hz 
= 0.98 mT and (b) 0Hz = 1.62 mT  
 
Figure 3.13 shows the experimental results of Hx dependence of DW under 0Hz = 4.54 mT, 0Hz = 
7.13 mT and 0Hz = 11.8 mT, respectively, for the same stack structure. Opposite asymmetry for DW 
motion is observed comparing with DW motion under 0Hz = 0.98 mT and 0Hz = 1.62 mT in Fig. 
3.12(a) and (b), implying the presence of additional interactions in thermally-activated sub-
threshold low field regime, as compared to high field regime. The presence of a minimum in DW 
corresponding to HDMI is obscured for µ0Hz = 1.0 and 1.6 mT while is observable above µ0Hz = 4.5 
mT. Such an anomalous behavior points towards the non-universal nature of sub-threshold regime 
for determination of chiral interactions in systems with broken inversion symmetry. One possible 
reason behind the anomalous manifestation of HDMI can be attributed to the presence of 
antisymmetric components to DW. The symmetric component arises from DMI-induced DW 
p. 65 
 
energy density modulation37,38,40 while the antisymmetric component might originate from chiral 
damping37, intrinsic asymmetry of modulation in DW width39 and/or extrinsic contribution36 to the 
pinning landscape experienced by DW.  
 
 
Figure 3.13 Hx dependence of DW for series C with teff = 0.86 nm (a) under 0Hz = 4.54 mT, 
(b) 0Hz = 7.13 mT and (c) 0Hz = 11.8 mT. 
 
 
Figure 3.14 Hx dependence of DW for series C with teff = 0.56 nm (a) under 0Hz = 1.6 mT, 
(b) 0Hz = 2.0 mT and (c) 0Hz = 6.5 mT. 
 
Figure 3.14 shows the experimental results for different thickness, teff = 0.56 nm in the same series 
C, α-W(4)/FeB(0.56)/MgO(1.6)/Ta(2) (W/FeB(0.56), hereafter) structure. In contrast to W/FeB(0.86), 
I have observed a clear minimum in DW for W/FeB(0.56). I speculate that there is a large 
antisymmetric component (A) in DW for W/FeB(0.86) while A is relatively smaller for W/FeB(0.56), 
















   (3.35) 
where the 0HS and 0H represent in-plane magnetic field at saddle point of DW in Hx 
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dependence of DW and the difference in Hx from the value, respectively. Figure 3.15(a) shows the 
variation of A with Hx for different Hz for W/FeB(0.86). I observe a gradual decrease of A with the 
increase of µ0Hz and is virtually zero for µ0Hz ≥ 7 mT. Figure 3.15(b) compares the magnitude of A 
and saddle point (0HS) obtained from DW vs Hx curve for different Hz. I observe a saturation of 
HS corresponding to a reduction of A to zero. The saturation value of HS equals HDMI obtained from 
high field regime. The results indicate that a careful separation of the various factors contributing 
to the modulation of DW energy density is important for determination of HDMI from sub-threshold 
DW motion regime. Then, a large enough Hz apply to keep DW propagation in depinning or flow 
regimes to accurately evaluate HDMI. 
 
 
Figure 3.15 Evaluation of antisymmetric contribution (A). (a) A to DW for various 
perpendicular magnetic fields for teff = 0.86 nm in series C. (b) Correlation between µ0Hx at 
saddle point of DW and antisymmetric contribution A. 
 
Figure 3.16(a) and (b) show the area traversed by the DW under Hx and Hz for samples with 
teff = 0.86 and 0.56 nm in series C, respectively. Application of Hx results in an asymmetric domain 
expansion due to the DMI as expected. Figure 3.16(c) and (d) re-show DW (↑↓ and ↓↑DWs) 
vs Hx at µ0Hz = 11.8 mT for W/FeB(0.86), and at µ0Hz = 6.5 mT for W/FeB(0.56), respectively. 
Interestingly, the results indicate an opposite chirality between them; a left-handed/counter-
clockwise chirality (↑←↓) for W/FeB(0.86) (Fig. 3.16(c)) and right-handed/clockwise chirality (↑→
↓) for W/FeB(0.56) (Fig. 3.16(d)). Figure 3.17 summarizes teff dependence of HDMI. Intriguingly, HDMI 
continuously decreases with increasing teff and change the sign at teff ≈ 0.75 – 0.85 nm. The reversal 
of DW chirality is insensitive to either the FM material (CoFeB or FeB) or crystallographic phase of 
W (α or β phase) and does not correlate to Keffteff. Thus, the results suggest a possibility of 




Figure 3.16 Reversal of DW chirality with ferromagnetic layer thickness. (a) Magnetic 
bubble expansion by applied µ0Hz of 11.8 mT for teff = 0.86 nm, (b) µ0Hz of 6.5 mT for teff = 0.56 
nm in series C, where the arrow in image represents applied direction of Hx, ⦿, ⊗ denote up and 
down magnetic domain, respectively, (c) µ0Hx dependence of DW for teff = 0.86 nm in series C 
under µ0Hz of 11.8 mT, (d) that for teff = 0.56 nm in series C under 6.5 mT.  
























Figure 3.17 Effective FM (CoFeB or FeB) thickness dependence of DMI effective field HDMI 
for all the series. Error bars of µ0HDMI are obtained from three measurements on the 





 Experimental results for current-induced hysteresis 
loop shift 
To confirm the interfacial nature of HDMI vs teff, I also investigate HDMI from in-plane magnetic 
field Hx dependence of the current-induced hysteresis shift19. I use µm-sized Hall bar devices as 
shown schematically in Fig. 3.5(a) in method section. Figure 3.18(a) shows the results of current-
induced hysteresis shift for W/FeB(0.56) (series C) under μ0Hx = -50 mT and dc current I = ±15 mA. 
Heffz is determined as Hz causing 50% switching (probed by the peak of derivative of anomalous 
Hall resistance RAHE). Figure 3.18(b) summarizes applied I dependence of Heffz at μ0Hx = ±50 mT for 
W/FeB(0.56). A linear relation is observed, justifying that the observed effective fields are indeed 
induced by the applied I. I also plot the obtained SOT efficiency χSOT vs Hx or Hy as shown in Fig. 
3.18(c). For applied magnetic fields along x direction, χSOT has maximum value in the range μ0Hx = 
40-50 mT while is virtually constant for applied field μ0Hy. The maxima in χSOT vs Hx corresponds 
to effective HDMI. On the other hand, application of Hy stabilizes a Bloch DW configuration 
diminishing the contribution from SOTs. Similar experiments are carried out for all the studied 
structures. Figure 3.18(d) summarizes Hx dependence of normalized χSOT (=χSOT(Hx)/χSOT(0)). It is 
found that the magnitude of HDMI (corresponding to the saturation of Hx indicated by arrows), 
decreases with increasing FM thickness. The observed results agree with what I found in DW motion 
measurements [Fig. 3.17 in previous section  while HDMI evaluated by current-induced hysteresis 
loop shift is larger by a factor of 2 as compared to HDMI evaluated from magnetic bubble expansion 
under μ0Hx and could be attributed to the effect of current on DMI41–43. These results elucidate the 
existence of an unknown mechanism for the manifestation of DMI in HM/FM structures and calls 






Figure 3.18 Evaluation of DMI and SOT in current-induced hysteresis shift. (a) Hall 
resistance (RAHE) vs out-of-plane magnetic field (Hz) under μ0Hx = -50 mT and dc I = ±15 mA for 
W/FeB(0.56) (series C). (b) The current dependence of μ0Hzeff for teff = 0.56 nm in stack C under 
in-plane magnetic field μ0Hx = ±50 mT. (c) In-plane magnetic field dependence Hx of the SOT 






 Possible scenarios for the sign reversal of HDMI 
I now discuss possible scenarios that describe the observed reversal of DW chirality. Previous 
experimental results supplemented by microscopic models for DMI in 3d-5d bilayer 
heterostructures have suggested that DMI in HM/FM/oxide tri-layer systems originates from 
HM/FM interface and is virtually independent of FM/oxide interface4. Experimental results using 
Pt/FM bilayer structures follow this trend, where an enhancement of FM thickness merely decreases 
DMI44. Recently, several experimental studies have revealed an important role of orbital asphericity, 
where the sign of DMI is determined by 5d band filling of HM layer through spin-flip process1–4,45. 
Accordingly, in the present case, since the band filling of W is close to half-filled state, DMI is 
expected to be sensitive to additional factors such as Rashba interactions46–48, impact of the usually 
neglected FM/oxide intreface49 and atomic diffusion during annealing50. Based on these 
assumptions, I propose three possible scenarios that can account for the observed results.  
One possible contribution arises from charge transfer from O atoms to the thin FM layer, 
which is capable of modification of 3d-5d hybridized bands at HM/FM interface49. A variation of teff, 
then, results in modified impact of O, which could modify DMI and DW chirality. A similar 
modification of DMI is also expected from effects of strain in multilayered heterostructure; however, 
I may exclude this possibility owing to the independence of my results on the phase of the 
underlying W layer.  
The second contribution arises from the possible effects of Rashba effect-induced DMI arising 
from FM/oxide interface47. First-principles calculations suggest the presence of Rashba-induced 
DMI with left-handed/counter-clockwise chirality at Co/MgO interface47. This is consistent with the 
DW chirality for thicker teff in my stacks. On the other hand, 3d-5d hybridization (orbital anisotropy) 
mechanism suggests that right-handed/clockwise chirality is slightly preferable at W/FM interface3. 
Thus, following the second scenario, my experimental results indicate that for thicker samples (teff 
≳ 0.8 nm), the contribution of Rashba-induced DMI at the FM/oxide interface becomes dominant 
and overcomes the contribution from 3d-5d hybridization at HM/FM interface, leading to a reversal 
of left-handed/counter-clockwise DW chirality. It is worth noting here that the sign reversal of DMI 
with varying FM thickness was not observed in W/CoFeB/SiO2 system51. This implies that MgO layer 
could play a key role in sign reversal of DW chirality in W/(Co)FeB heterostructures.  
The third scenario is related to the diffusion of B into W and/or MgO layer via annealing. 
Previous studies report both directions of chirality in similar systems; right-handed chirality in 
Ta/CoFeB/MgO50 or TaOx52 and left-handed chirality in Ta/CoFe/MgO5. It has also been pointed 
out that interdiffusion of B plays a key role in determining sign of DMI in Ta/CoFeB/MgO structure52. 
In this case, since the total amount of B accommodated in (Co)FeB depends on FM thickness, 
interdiffusion of B could be a possible factor for the observed sign change. Overall, my results 
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suggest the competition of a number of mechanisms resulting in sign reversal of DMI by varying 
FM thickness. 
Based on the experimental results, I straighten the condition to use W for inducing right-
handed DW chirality (in the order of substrate/HM/FM). 
1. Ferromagnetic layer thickness should be less than teff (t) = 0.8 nm (1.1 nm) based on the 
assumption that magnetic dead layer tdead is 0.3 nm. 
2. The opposite interface to HM/FM should not include oxide such as MgO. 
3. Annealing should not be done. 
Satisfying these conditions, it could be possible to obtain right-handed/clockwise (left-





 Stack structure for formation and current-
induced motion of synthetic antiferromagnetic skyrmion 
bubble 
Figure 3.19 shows reasonable stack structure for formation of synthetic antiferromagnetic 
(SyAF) skyrmion bubble based on the conclusion of previous section and summarizes expected 
physical properties of the stack structure. Ta is deposited as seed layer to properly deposit Pt (111) 
structure. Pt possesses positive spin Hall angle, and interfacial perpendicular magnetic anisotropy 
and left-handed/counter-clockwise DW chirality is induced at Pt(111)/Co interface. Ferromagnets 
(FMs) (Co/CoFeB and CoFeB/Co) are coupled by inserted Ir through Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction. In addition to that, interfacial DMI could be slightly manifested at 
CoFeB/Ir and Ir/Co interfaces without cancelling out due to ferromagnet dependent DMI at Ir 
interface3. Then, interfacial perpendicular magnetic anisotropy can be induced at Ir(111)/Co 
interface53 which is indispensable for upper ferromagnet to be perpendicular magnetization easy 
axis. Left-handed/counter-clockwise DW chirality also arises from FM/W interface providing that 
effective CoFeB thickness teff is less than 0.8 nm without annealing and any oxide layer. Furthermore, 
W possesses negative spin Hall angle11,13,14,54 which is opposite to that of Pt would be utilized to 
efficiently current-induced motion. Ru is placed on top of the structure to prevent the stacks from 
oxidizing. I systematically investigate heavy metal material and ferromagnetic thickness 










 Asymmetric magnetic bubble expansion for Pt, 
Ir, W/FM systems 
Here, I investigate Dzyaloshinskii-Moriya effective field HDMI and domain wall (DW) chirality 
which governs DW profile and current-induced motion of skyrmion bubble. Figures 3.20(a), (d) 
show stack structures used for the investigation of HDMI which correspond to the bottom and top 
FMs, respectively, of the synthetic antiferromagnetic structure. I utilize asymmetric magnetic bubble 
expansion technique under simultaneous application of pulsed Hz and dc in-plane magnetic field 
Hx to evaluate DW chirality and HDMI in the presence of interfacial Dzyaloshinskii-Moriya interaction 
(DMI) in previous section. Starting from a saturated magnetic state, I first nucleate magnetic bubble 
by pulsed Hz in the absence of Hx. The magnetic bubble is then expanded under the simultaneous 
application of pulsed Hz and dc Hx. Figure 3.20(b) shows magnetic bubble expansion under μ0Hx = 
±104 mT for Pt/Co/CoFeB/Ir (bottom FM structure of the antiferromagnetic heterostructure). 
Asymmetric bubble expansion is observed, where the difference in DW velocity (DW) arises from 
the modification of DW configuration at one side owing to the presence of Hx. I find that 
Pt/Co/CoFeB/Ir system exhibits left-handed/counter-clockwise chiral Néel DW corresponding to 
negative DMI, consistent with previous works5–9. Figure 3.20(c) shows Hx dependence of DW in 
Pt/Co/CoFeB/Ir system. A local minimum in DW-Hx curve is obtained which corresponds to a 
maximum of DW energy due to energy balance between HDMI and Hx. The minima in Hx equals 
HDMI, when the antisymmetric contribution in DW is small. For applied fields μ0Hz = 2.6 mT, DW-Hx 
curve includes large antisymmetric contribution, hindering us to accurately evaluate HDMI from this 
regime as shown in previous chapter. To remove the antisymmetric contribution from DW, I increase 
pulse Hz beyond creep regime to quantify HDMI from depinning and/or flow regimes. With 
increasing Hz, local minimum in DW shifts towards the direction of larger Hx. This indicates that 
antisymmetric contribution leads to underestimation of HDMI.  
From DW-Hx measurements under an applied μ0Hz = 7.5 mT, I determine the lower bound 
of μ0HDMI to be ~80 mT for Pt/Co/CoFeB/Ir system. Application of larger Hz triggers multiple 
nucleation of magnetic domains hindering the evaluation of HDMI by bubble expansion technique. 
Similar measurements on Ir/Co/CoFeB/W (top FM structure of the antiferromagnetic 
heterostructure) also exhibits an asymmetric behavior in DW, indicating a non-zero HDMI, as can be 
seen in Figure 3.20(e) and (f ). In addition, the shift direction of local minimum in DW with increasing 
pulse Hz is exactly the same to that for bottom FM, indicating left-handed/counter-clockwise DW 
chirality for top FM as well (local minimum in DW-Hx shows left-handed/counter-clockwise chirality 
under μ0Hz=11.6 mT). In summary, I obtain left-handed/counter-clockwise DW chirality for both 
Pt/Co/CoFeB/Ir and Ir/Co/CoFeB/W structures where, only lower bound concerning the magnitude 
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could be determined by this method. 
 
Figure 3.20 Evaluation of DW chirality and HDMI for the components of 
synthetic antiferromagnet. (a) Stack structures used for evaluation in HDMI and 
DW chirality for Pt/Co/CoFeB/Ir (bottom FM, hereafter), and (d) Ir/Co/CoFeB/W 
(top FM, hereafter). (b) Magnetic bubble expansion by µ0Hz of -7.5 mT under µ0Hx 
= ±104 mT for bottom FM, and (e) by µ0Hz of -11.6 mT under µ0Hx = ±19.2 mT for 
top FM, where the arrow in image represents applied direction of Hx, ⦿, ⊗ denote 
up and down magnetic domain, respectively. (c) µ0Hx dependence of DW by µ0Hz 
of 2.6 mT, 7.5 mT for bottom FM, and (f), by µ0Hz of 3.9 mT, 11.6 mT for top FM, 
where black and red color correspond to ↑↓ and ↓↑ DWs, white blue and blue arrows 




 Current-induced hysteresis loop shift for Pt, Ir, 
W/FM systems 
 I evaluate the magnitude of HDMI and SOT efficiency χSOT by current-induced magnetic 
hysteresis loop shift. The experimental setup is constructed as the same one in previous section. 
Figure 3.21(a) shows typical perpendicular anomalous Hall hysteresis loop with dc current I of 15 
mA under in-plane magnetic field μ0Hx of 50 mT. I observe shift of anomalous Hall hysteresis loop 
by current, indicating that SOT act as μ0Heffz. Figure 3.21(b) shows linear proportionality between 
Heffz and current magnitude, in agreement with eq. (3.33). χSOT is then obtained as a linear fit of 
Heffz vs current. Figures 3.21(c)-( j) show series of stack structures used to identify the amplitude of 
DMI and χSOT acting in different layers of synthetic antiferromagnet and Hx dependence of χSOT. 
The ratio of CoFeB thickness tCoFeB and Co thickness tCo is changed with fixed total thickness of the 
synthetic antiferromagnet to be tCoFeB + tCo, used for the optimized stack structure. To determine 
current density J in each layer of the synthetic antiferromagnet structure, I measure sheet 
conductance as a function of thickness as shown in Fig. 3.21(o) by using stack structure as shown 
in Table 3.3. The saturation of χSOT is observed in all the series with large Hx. I find that saturated 
χSOT shows ferromagnetic thickness ratio independence. 
Table 3.4 shows the averaged magnitude of χSOT for different heavy metal layers, where error 
bar is derived from standard deviation of values obtained in same series. I find that major 
contribution to χSOT arises from Pt and W layers while that for Ir is much smaller, consistent with a 
previous work55. In whole system, the sign of χSOT is tailored to positive. This unified sign of χSOT at 
bottom and top HM layers assists in skyrmion bubble motion. While, I comprehended that these 
amplitudes are one-order smaller than those of ferromagnetic systems tailored by multiple 
repetition of FM/HM heterostructure56,57, presumably leading to significant difference in the FM 
skyrmion bubble velocity between such systems58 and this systems. 






HMD    
(3.36) 
where HDMI equals Hx at which χSOT attains saturation, MS is spontaneous magnetization, AS is 
exchange stiffness and Keff is effective magnetic anisotropy energy density. MS and Keff are 
experimentally determined from in-plane and out-of-plane magnetization curves. AS is assumed to 
be 8 pJ m-1, typical for CoFeB62–64. The sign of Di is deduced from magnetic bubble expansion 
measurements in previous section. Figures 3.21(k)-(n) show the Co and CoFeB layer thickness ratio 
dependence of Di. Di for single ferromagnet, Co(CoFeB) is extracted from extrapolation of 
tCoFeB/tCo(tCoFeB/tCo). Table 3.5 indicates the obtained magnitude of Di from all the series. I find that 
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Pt and W exhibits significant contribution to DMI in these stack structures. In addition, as shown in 
Fig. 3.21(l), extrapolation of Di versus tCo/tCoFeB to y-axis in Ir/Co/CoFeB/Ru stacks means positive or 
zero DMI, indicating a contribution of DMI from Ir in these synthetic antiferromagnet due to non-
cancellation at CoFeB/Ir (bottom side) and Ir/Co (top side) interfaces. The evaluation of DMI by the 
extrapolation results in a value of Di = -0.20 mJ m-2 and -0.55 mJ m-2 for top structure and bottom 











Figure 3.21 Evaluation of HDMI and χSOT for each component of synthetic 
anfiferromagnet in current-induced hysteresis shift technique. (a) Typical Hz 
dependence of transverse resistance with |I| = 15 mA under µ0Hx = 50 mT for the stack 
structure consisting of Si/SiO2/Ta/Pt/Ir/Co(0.60)/CoFeB(0.375)/W/Ru where the units in 
parenthesis denotes nm, red and blue means plus current and minus current, respectively. (b) 
Typical the current amplitude dependence of μ0Heffz in stack using for Fig. 3.21, (c) where solid 
line means each linear fit. (e), (g) and (i) Series of stack structures used to reveal contribution 
to DMI and SOT every layer. (d) Hx dependence of for the series in Fig. 3.21(c), (f) for the 
series in Fig. 3.21(e), (h) for the series in Fig. 3.21(g) and ( j) for the series in Fig. 3.21(i). (k) 
Thickness ratio of tCoFeB/tCo and (l) tCo/tCoFeB dependence of Di with keeping total thickness 
(tCo+tCoFeB = 0.975 nm) to be constant, where blue, red color and solid line represent for the 
series in Fig. 3.21(c), (e) and their linear fit. (m) Thickness ratio of tCoFeB/tCo, and (n) tCo/tCoFeB 
dependence of Di with keeping total thickness (tCo+tCoFeB = 1.125 nm) to be constant where 
blue, red color and solid line represent for the series in Fig. 3.21(g), Fig. 3.21(i) and their linear 







Table 3.3 Stack structure for sheet conductivity measurement and obtained resistivity. 
 
 
Table 3.4 Spin-orbit torque efficiency χSOT for each heavy metal layer. 
 
 






In summary, I have quantitatively evaluated Dzyaloshinskii-Moriya interaction (DMI) and spin-
orbit torque (SOT) at Pt, Ir, W/Co, (Co)FeB interfaces for formation of synthetic antiferromagnetic 
skyrmion bubble and its current-induced dynamics. In W/(Co)FeB/MgO systems, the sign of DMI is 
reversed with varying the ferromagnetic layer thickness. Left-handed/counter-clockwise (right-
handed/clockwise) domain wall chirality have been emerged in thicker teff > 0.8 nm (thinner teff < 
0.8 nm) regime. The comparison with theoretical calculation suggests that the origin could be 
related to extrinsic contribution such as oxide and annealing. On the other hand, the magnitude of 
DMI at W/ferromagnet shows larger value than that of W/(Co)FeB/MgO system, which support the 
extrinsic contribution scenario. It is also suggested that the sign of DMI at Ir interface is changed 
by ferromagnet material (left-handed/counter-clockwise at Ir/Co, right-handed/clockwise at 
Ir/CoFeB interface). The strength of SOT efficiency is Pt>W>Ir. All the heavy metal (Pt, Ir, W) can 
contribute to the increase of SOT efficiency without cancelling out SOT. All the results in this chapter 
indicates that Pt/Co/CoFeB/Ir/Co/CoFeB/W is one of the reasonable structures for formation of 
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4. Formation of synthetic antiferromagnetic skyrmion 
bubble and its current-induced dynamics 
 Interlayer and ferromagnetic layer thickness 
dependence of m-H curve  
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction enables synthetic antiferromagnetic (SyAF) 
exchange coupling between two ferromagnets (FMs) with optimum interlayer thickness7–11. To 
maximize interlayer exchange coupling field Hint in the stacks at an optimum thickness, I investigate 
Ir thickness (tIr) dependence of m-Hz curve. Figure 4.1(a) and (c) show stack structure with 0-1.0 nm 
and 1.1-1.4 nm of tIr, respectively. As shown in Figure 4.1(b), saturation areal magnetic moment mS 
decreases with increasing tIr, suggesting a decrease of the effective FM thickness. Also, for tIr = 0-
1.0 nm, no precipitous variation of magnetic moment associated with spin-flip magnetization 
process is observed. Meanwhile, clear signatures of spin flip magnetization reversal are obtained 
for tIr = 1.1-1.4 nm, implying a synthetic antiferromagnetic coupling between the FM layers. The 
interlayer coupling field (Hint), represented by arrows in Fig. 4.1(d), attains a maximum at tIr=1.3 nm. 
I speculate that this maximum in Hint corresponds to the second peak of the RKKY oscillations. It is 
well known that the first peak of the RKKY interlayer coupling field would be attained at lower 
tIr~0.4-0.6 nm12,13. However, a perpendicular easy axis cannot be obtained for tIr~0.4-0.6 nm as 
observed from Figure 4.1(b). The reason is probably related to the orientation of Ir on which top 
Co is placed. For thinner tIr, it seems to be difficult for Ir to obtain (111)-orientation where Co can 
archive perpendicular anisotropy at their interface2. Thus, optimal tIr is 1.3 nm, where the largest 
interlayer antiferromagnetic coupling acts between two ferromagnets with perpendicular magnetic 







Figure 4.1 Ir and ferromagnetic layer thickness dependence of m-Hz curve. 
(a) Stack structure used for range of 0-1.0 nm in Ir thickness and (b) its m-Hz curve. 
(c) Stack structure used for range of 1.1-1.4 nm in Ir thickness and (d) its m-Hz curve. 





 Magnetization measurement and domain patterns 
Figure 4.2(a) and (b) shows the stack consisting of Ta(1.0)/ Pt(4.0)/ Co(0.2)/ 
Co0.19Fe0.56B0.25(0.925)/ Ir(1.3)/ Co(0.375)/ Co0.19Fe0.56B0.25(0.6)/ W(4.0)/ Ru(1.0) (nominal thickness in 
nm) (stack 1 hereafter). Ir thickness is optimized to be 1.3 nm to obtain maximum SyAF coupling. 
As a reference, a conventional single ferromagnetic stack consisting of Ta(1.0)/ Pt(4.0)/ Co(0.375)/  
Co0.19Fe0.56B0.25(0.9)/ Ir(1.0)/ Ru(1.0) (stack 2 hereafter) is also prepared for formation of 
ferromagnetic skyrmion bubbles.  
Magnetization hysteresis curves (m-H curves) for each stack are shown in Fig. 4.2(b), (d). Both 
stacks have a perpendicular easy axis. As for the stack 2, out-of-plane m-H curve shows almost no 
remanence, indicating a formation of multi-domain state at zero fields. For the stack 1, areal 
magnetic moment m decreases abruptly down to 30% from the saturation state at around the 
perpendicular field μ0Hz=±150 mT, indicating a SyAF coupling between the two ferromagnetic parts 
through the Ir layer via the RKKY interaction. The coupling energy -Jint = -Hint(mS-mCom) is obtained 
to be -0.13 mJ m-2 from the area represented by fuchsia in Fig. 4.2(d), where Hint, mS and mCom 
denote perpendicular magnetic field at compensated point, magnetic moments at saturation and 
at compensated states, respectively. Effective perpendicular magnetic anisotropy energy density 
Keff is also determined to be 2.0×105 J/m3 from the area represented by red color in Fig. 4.2(d). 
Note that although a fully compensated structure can be prepared by inserting [Co(0.3)/Ni(0.6) 2 
structure between the Ir layer and the top ferromagnetic Co(0.3)/CoFeB as shown in Fig. 4.3(a). 
Figure 4.3(b) clearly shows almost fully compensated SyAF coupling (mCom/mS ≤ 5%) at the 
magnitude of μ0Hz less than 50-75 mT. Besides, I unambiguously observed characteristic hysteresis 
curve which implies the emergence of ferromagnetic skyrmion14–16 around breaking point of SyAF 
coupling although I could not experimentally observe magnetic domain state owing to the 
limitation of magnetic field in our magneto-optical Kerr effect (MOKE) setup (μ0Hz ≤ 20 mT), which 
possibly connotes also the presence of multi-domain and/or skyrmion in the SyAF coupling state. 
Because my micromagnetic simulation reveals that the stack allows SyAF skyrmion to be stabilized 
in which also ferromagnetic skyrmion can be stabilized at high magnetic field breaking SyAF 
coupling, which will be discussed later. Importantly, my demonstration set an example that one 
easily can fully compensate magnetic moment between top and bottom magnet at room 
temperature that is a challenging for ferrimagnetic material systems.  
In any case, I intentionally design the stack to have a small uncompensated moment so that 
magnetic patterns can be visualized using a magneto-optical Kerr effect (MOKE) microscope. The 
effect of the degree of compensation on the nature of skyrmions as well as their dynamics will be 
discussed later in detail. I find that the stack 1 also shows no remanence as in the stack 2, implying 







Figure 4.2 The series of stack structures and its m-H curve. (a) Referential stack 
structure for formation of ferromagnetic skyrmion bubble and (b) its m-H curve. (c) 








Figure 4.3 Fully compensated system. (a) Stack structure used for realizing fully 
compensated magnetization state (mCom/mS  5%) and (b) its m-Hz curve. 
 
Figure 4.4 shows the magnetic domain patterns under various magnetic fields observed with 
MOKE microscope. Multi-domain state is observed at zero fields as expected, which transforms 
into skyrmion-like bubble state with increasing the magnitude of Hz, and then to a uniform state. 
In general, multi-domain state is not easily formed in SyAF systems owing to minuscule dipole 
interaction. In the present stack, on the other hand, large DMI expected at Pt and W interfaces with 
the same (left-handed/counter-clockwise) chirality seems to decrease the formation energy of 
domain walls (DWs), leading to stable multi-domain states at room temperature. Therefore, I will 
address to quantify the magnitude of Dzyaloshinskii-Moriya interaction, then conduct 
micromagnetic simulation to identify the skyrmion-like bubble state whether to being synthetic 
antiferromagnetic coupled and topologically-protected soliton so-called SyAF skyrmion bubble. 
 
 
Figure 4.4 Magnetic domain patterns observed by magneto-optical polar Kerr effect 
microscopy under perpendicular magnetic fields of -0.32 mT, -0.2 mT, 0 mT, +0.2 mT, and 




 Current-induced motion of SyAF skyrmion bubbles 
The SyAF skyrmion bubble is expected to be moved by current efficiently with much-reduced 
SkHE due to the effectively compensated topological charge. To confirm whether the observed 
skyrmion-like bubbles are indeed topologically protected and driven by current efficiently, I next 
examine the response of these magnetic objects to current. Figure 4.5(a) shows a series of MOKE 
image under current applications. I find that the skyrmion-like bubbles are moved by current pulses 
in the same direction to the current flow, evidencing that they are topologically protected with chiral 
Néel profile as expected and their displacement is governed by SOT14. Because the optimized stack 
has negative DMI forming a left-handed/counter-clockwise chiral Néel DWs, the motion along the 
current direction indicates a positive effective spin Hall angle if the spin Hall effect dominates the 
SOT. The formation of SyAF coupled and topologically non-trivial skyrmions with the same length 
scale is reproduced in a micromagnetic simulation with the experimentally determined DMI 
constant and interlayer exchange coupling as shown in previous section.  
I also note that there are some bubbles which are nucleated or annihilated under current 
application, presumably due to thermal and/or pinning effects as has been observed in 
ferromagnetic systems14. Figure 4.5(b) shows current density J dependence of average velocity Ave 
for the skyrmion bubbles in the stacks 1 and 2. I find that the skyrmion bubbles in SyAF system are 
driven by one-order-of-magnitude smaller J than those in the ferromagnetic system at comparable 
velocity. Here, note that the detectable speed of the skyrmion bubbles is limited by technical 
reasons, e.g., shortest pulse width (500 ns) and maximum size of the field of view of our setup; the 
bubbles appear to move with much faster speed than the results presented here when I apply 












Figure 4.5 Current-induced motion of synthetic antiferromagnetic skyrmion 
bubbles. (a) Magnetic state of synthetic antiferromagnetically coupled wire 
obtained with magneto-optical polar Kerr effect microscopy under current pulse 
applications at μ0Hz = 0.2 mT. Each skyrmion is featured by different colors. Current 
density and pulse width are 7.1x1011 A m-2 and 1 μs, respectively. (b) Current density 
dependence of average velocity of skyrmion bubbles in stacks 1 (synthetic 
antiferromagnet) and 2 (ferromagnet), represented by blue and red, respectively. 
For stack 1, results with various pulse widths are plotted by different symbols. (c) 
The same result shown by a logarithm scale for vertical axis. (d) The same result 




I also study pulse width dependence of velocity of SyAF skyrmion bubble in the structures. 
Figure 4.6(a) shows current pulse width dependence of SyAF skyrmion bubble displacement as a 
function of current density J. A near-linear dependence of skyrmion displacement is observed within 
the entire range of J used in this study in Fig. 4.6(a)-(c). As can be seen, I observe linear behavior 
of skyrmion displacement in the studied range of pulse amplitude and width, indicating that the 
skyrmions motion occurs during the entirety of the pulse.  
In addition to that, I confirm different magnetic polarity dependence of averaged skyrmion 
velocity Ave. Figure 4.6(d) show that skyrmion velocity Ave vs J with added plots represented by 
green color. I find that added plots unambiguously traces the trend. This fact indicates that any 
extrinsic effects such as Oersted field and remanent field inherent to the measurement system does 
not influence the obtained results. The obtained results indicate a formation of SyAF-coupled 
skyrmion bubbles between two ferromagnetic layers, which can be moved by much smaller current 
density than previously-studied ferromagnetic systems. 
 
 
Figure 4.6 Current pulse width and different magnetic polarity dependence 
of SyAF skyrmion bubble displacement. (a) Skyrmion displacement per pulse as 
a function of pulse width at current density J = 2.2×1011 A m-2, (b) at J = 4.5×1011 A 
m-2 and (c) at J = 6.0×1011 A m-2. Red broken line is guide to eye demonstrating the 
linear relationship. (d) Skyrmion velocity vs J for perpendicular magnetic field μ0Hz 




Now I elaborate mechanisms for the observed efficient motion of SyAF skyrmion bubbles. As 
derived in chapter 2, according to extended Thiele’s equation for SOT-driven skyrmion bubble 





































where x = -αD/(Q*2+α2D2), y = Q*/(Q*2+α2D2), and g = Q*/D. χ means the SOT efficiency 
parameter which is proportional to χSOT = (ћ/2e)(ξSL/m) with ћ the Dirac constant, e the electron 
charge, ξSL the SOT efficiency relating to spin Hall angle, and m the net areal magnetic moments. 
Also, Q* is the effective topological charge given by Q(mCom/mS) with Q being the topological 
charge defined with the Néel vector, D = Dxx = Dyy the dissipative constant, α the Gilbert damping 
constant, and g the topological damping constant32. As can be seen in Fig. 4.5(c), (d), Ave for SyAF 
skyrmion bubbles shows nonlinear (virtually linear) behavior with respect to J below (above) J = 
6.5×1011 A m-2. This means that, at around this J, skyrmion motion transits from creep/depinning to 
flow regimes. Linear dependence between Ave and J in larger current-density, i.e., flow, region is 
consistent with eq. (4.1)34. In this framework, the achieved efficient control of SyAF skyrmion bubbles 
can be attributed to the following two factors. Firstly, SOTs induced by bottom Pt and top W should 
bring an additive effect, leading to an enhanced χ35. It has been known that Pt14,36 and W3–6,37 
exhibit sizable spin Hall effect with the opposite sign. Therefore, the spins of the same direction are 
accumulated at each ferromagnetic layer under a current application. These spins act on the SyAF-
coupled chiral Néel DWs moving in the same direction, resulting in a reduction of current density 
for the motion of skyrmion bubbles. This is contrasting to the case with widely-studied 
ferromagnetic skyrmion bubbles in multilayer systems, where use of materials exhibiting the spin 
Hall effect with the same sign for top and bottom layers is preferable to reduce required current 
density38,39. In addition, I note that the intermediate Ir layer also exhibits slight yet positive 
contribution to each ferromagnetic layer. A separate experiment reveals that SOT in stack 1 is larger 
by a factor of 1.5 than stack 2 in previous section. In addition, small net areal magnetic moment in 
SyAF structure increases the effective field of SOT because χ is inversely proportional to m. 
According to the results shown in Fig. 4.2(b), (d), areal magnetic moment is different between the 
two systems by a factor of 3.9. Secondly, reduction of Q* due to the SyAF structure also contributes 
to the efficient motion through a suppression of topological damping. It is known that SOT forces 
gyrotropic motion on magnetic skyrmion owing to the topology, in addition to translational motion. 
This leads to the topological damping and causes a waste of driving force due to the momentum 




topological damping is suppressed, resulting in an efficient action of driving force on the 
translational motion. Assuming a reported α in literatures, this factor is estimated to be about 1.0 
(ref. 40)-1.8 (ref. 41). Consequently, the SyAF system is expected to be efficient in terms of low-current 
and fast skyrmion motion by a factor of about 5-10. This estimation roughly explains the observed 
results. I also note that while increased velocity of DW due to an exchange torque in a SyAF system 
was reported42–44, this driving force vanishes in skyrmion bubbles due to the circular symmetry in 
two-dimensional space32. Overall, the employed stack structure can not only stabilize SyAF-coupled 
Néel skyrmion bubbles due to the additive DMI, but also can drive them efficiently due to the 






 The difference in current-induced velocity between 
SyAF skyrmion bubble and ferromagnetic skyrmion 
bubble in multilayer 
While I have shown that SyAF skyrmion bubbles move faster than ferromagnetic counterpart, 
the achieved speed is smaller than that reported in a Pt/CoFeB/MgO multilayer14. To reveal the 
possible contributions in this regard, I investigate the depinning field in Pt/Co/CoFeB/Ir and 
Ta/CoFeB/MgO systems here. Starting from nucleation magnetic bubble domain, I apply pulsed 
perpendicular magnetic field μ0Hz to determine domain wall velocity DW as is the case of magnetic 
bubble expansion. Figure 4.7(a), (b) show typical bubble domain and Hz dependence of DW, 
respectively. I clearly observe the difference in depinning field between Pt/Co/CoFeB/Ir and 
Ta/CoFeB/MgO systems. In general, it has been known that CoFeB systems have low depinning 
field due to the amorphous structure45,46. Although the Pt/Co/CoFeB/Ir systems contain CoFeB 
layer, the depinning field of those systems is still close to conventional Pt/Co structure having 
relatively large depinning field46, presumably leading to the difference in skyrmion velocity for 
CoFeB systems34.  
In fact, the ferromagnetic skyrmion velocity in previous works14,33,36 is one-two order different 
from that of my ferromagnet systems. On the other hand, recent work on Pt/Co/Ir single 
heterostructures47 reports the skyrmion velocity which is in good agreement with the ferromagnet 
Pt/Co/CoFeB/Ir single heterostructure systems. This is attributed to the considerable difference in 
spin-orbit torque and depinning field as shown in previous section and here, respectively. As for 
spin-orbit torque, recent studies have revealed that spin-orbit torque can be enhanced 
considerably with multiple repetition of heavy metal/ferromagnet heterostructures23,24. I and 
Sugimoto et al.47 employ a single ferromagnet, whereas Woo et al.14 uses a stack structure with 15 
times repetition, leading to a large difference in the magnitude of SOT. To quantify spin-orbit torque 
(and Dzyaloshinskii-Moriya interaction constant) in my system, I performed a measurement of 
current-induced hysteresis loop shift in previous section. The spin-orbit torque efficiency χSOT of the 
Pt/Co/CoFeB/Ir structure was determined to be 2.340.21 mT (x1011 A m-2)-1, whereas that of single 
Pt/CoFeB/MgO is reported to be 4–5 mT(x1011 A m-2)-1 14. Thus, the spin-orbit torque of 
Pt/CoFeB/MgO multilayer is expected to be much larger than that in my and Sugimoto’s systems47. 
This indicates that the comparison of skyrmion velocity should be addressed carefully, and also the 
adequate comparison would highlight the advantage of SyAF skyrmion to ferromagnetic skyrmion 












Figure 4.7 Comparison of depinning field. (a) Typical MOKE image during 
bubble expansion measurement. (b) Obtained velocity versus perpendicular field 
for Si sub./ Pt(4)/ Co(0.6)/ CoFeB (0.925)/ Ir(1.0)/ Ru(1.0) [blue square  and Si sub./ 
Ta(5)/ CoFeB(1.5)/ MgO(2)/ Ta(2) [Red circle . Main panel and inset show the same 







 Skyrmion Hall effect in SyAF skyrmion bubbles 
In addition to the advantage in terms of velocity and critical current density, the SyAF structure 
is expected to suppress SkHE due to the effectively compensated topological charge48. To examine 
it, I evaluate skyrmion Hall angle θsk ≡ tan-1(ly/lx) for current-induced motion of skyrmion bubbles, 
where lx and ly are displacement in the x and y directions (x direction is parallel to the current). A 
composite image was created from three images, which were taken after a current pulse application, 
to make it easier to track each skyrmion bubble, as usually used for tracking the trajectory of stars 
in the night sky. Only the objects with relatively dark contrast were composited among images 
taken. I confirmed that drift is negligibly small compared with the observed motion of skyrmions. 
Error bars denote their standard deviation.  
Figures 4.8(a), (b) show composite images of the magnetic states after sequential injection of 
three current pulses to stacks 1 and 2, respectively. It is clear that ferromagnetic skyrmion bubbles 
[Fig. 4.8(b)  move in the diagonal direction with respect to the current flow, indicating a sizable 
SkHE. On the other hand, for SyAF skyrmion bubbles, motion along the transverse direction is 
insignificant as expected [Fig. 4.8(a) . Figure 4.8(c) shows a schematic of the SyAF skyrmion motion. 
In the system, skyrmion bubbles formed in the top (bottom) layer are subject to a Magnus force in 
the right (left) direction, eventually resulting in a motion of SyAF skyrmion along the current 
direction. I summarize the θsk as a function of average velocity of skyrmion bubbles in Fig. 4.8(d). 
As for the ferromagnetic skyrmion bubbles, θsk increases monotonically with velocity. Such a velocity 
dependent θsk is consistent with previous studies that describe an effect of pinning33 and/or field-
like torque36 on SkHE. Meanwhile, for SyAF skyrmion bubble, no noticeable θsk is observed, even 
in the depinning and flow regimes (Ave > 0.1 m s-1 according to Fig. 4.5(b), (c), (d)) where sizable 
SkHE is reported in ferromagnetic systems. Such an inhibition of SkHE should be primarily caused 
by a reduction of the effective topological charge Q*. In addition, field-like torque-induced SkHE 
pointed out in a recent study36 should be also suppressed by the SyAF structure.  
To capture more clearly the impact of magnetic moment compensation on skyrmion Hall 
effect (SkHE), I also investigate current-induced elongation of synthetic antiferromagnetic skyrmion 
bubbles meaning the motion of half-skyrmion bubbles49 by using Pt/Co/Ru/Co/W system, where a 
strong pinning potential is expected46. Figures 4.9(a) and (d) show stack structures for nominal FM 
thickness ratio = 1 (stack S1, hereafter) and for different nominal FM thickness ratio (stack S2, 
hereafter), respectively. As can be seen in Figs. 4.9(b) and (e), each m-Hz curve unambiguously 
indicate SyAF coupling as compared to the stack without Ru layer (both stacks experience no 
saturation up to μ0H = 2 T for m-H curve for both in-plane and perpendicular direction probably 
due to large perpendicular magnetic anisotropy and interlayer exchange coupling). I determine the 




compensated state, mS refers to spontaneous areal magnetic moment obtained from stack without 
Ru layer) to be 0.20 for stack S1 and to be 0.47 for stack S2, respectively. As shown in Figs. 4.9(c) 
and (f ), I observe SyAF skyrmion bubble in stacks S1 and S2, as well as for 
Pt/Co/CoFeB/Ir/Co/CoFeB/W structure.  
Current-induced elongation of SyAF skyrmion bubble in stack S1 is examined under the 
various condition for negative current pulse J under +Hz, for +J under +Hz, for J under Hz and 
for +J under Hz, respectively. Figure 4.9(g) summarizes symmetry for current-induced elongation 
of SyAF skyrmion bubbles. As can be seen in Fig. 4.9(g), current-dependent asymmetric pinning is 
observed, which means SyAF skyrmion bubble gets elongated along the current flow direction with 
a finite angle. I note that this elongation cannot stem from trivial topology as magnetic bubble 
should be annihilated by injecting either +J or –J 50. One of the possible reasons behind this peculiar 
behavior could be related to strong pinning potential in Pt/Co/Ru/Co/Pt systems as skyrmion is 
usually nucleated in pinning site acting as topological defect51 except for relying on local stimuli52,53, 
hence skyrmion seems to be bound tightly to there with large pinning potential. Secondly, I 
comprehend that SOT is a predominant factor for the current-induced elongation and stabilization 
of Néel-type SyAF skyrmion bubble as mentioned before. Thirdly, I also distinctly capture the 
emergence of skyrmion Hall effect where their topological protection is identified from the 
trajectory of diagonal elongation of SyAF skyrmion bubbles. The symmetry is also consistent with 
the scenario described by left-handed/counter-clockwise DW chirality with positive spin Hall angle 
as well as Ir case. Figures 4.9(h) and (i) show magneto-optical Kerr images captured after nucleation 
of SyAF skyrmion bubbles and injecting current pulse for stack S1 and stack S2, respectively. The 
modified diagonal elongation is recognized unambiguously between these two stacks, where more 
compensated SyAF skyrmion bubble (in stack S1) possesses smaller skyrmion Hall angle θsk as 
compared to that in stack S2. This is ascribed to decreasing effective topological charge as expected. 
I also find that all the diagonal elongation (J under +Hz, +J under +Hz, J under Hz and +J under 
Hz) presents almost the same magnitude of θsk as shown in Fig. 4.9( j) and (k), which bolsters up 
that SyAF skyrmion bubbles are non-trivial magnetic objects in this system. θsk in Pt/Co/Ru/Co/Pt 
system is larger than that for Pt/Co/CoFeB/Ir/Co/CoFeB/W system despite similar magnetization 
compensation ratio, which would arise from the difference in effective Gilbert damping constant α. 
In general, α tends to increase with the presence of heavy metal owing to increasing spin-mixing 
conductance1,54. The diagonal motion of skyrmion is inversely proportional to α (y/x = Q*/αD, 
as described in the previous section). Thus, the presence of light element such as Ru in the 
neighbourhood of FM would explain well observed rather larger θsk due to decreasing averaged 
α. 
In any case, as shown above, SyAF skyrmion bubbles is promising to suppress the SkHE at 











Figure 4.8 Skyrmion Hall effect in synthetic antiferromagnetic skyrmion bubbles vs 
ferromagnetic skyrmion bubbles. (a) The composite image of current-induced motion of SyAF 
skyrmion bubbles for three-pulses injection with the pulse width 1 μs, (b) The composite image 
of ferromagnetic skyrmion bubbles for three 5-μs-long pulses. Yellow arrows represent direction 
of displacement of skyrmion bubbles. (c) Schematic of the current-induced SyAF skyrmion motion 
in the experiment. (d) Skyrmion Hall angle as a function of average skyrmion velocity for synthetic 











Figure 4.9 Current-induced elongation of synthetic antiferromagnetic skyrmion bubbles. 
(a) Stack structure with Ru as interlayer exchange coupling layer for nominal FM thickness ratio 
= 1 (stack S1, hereafter) and (d) for different nominal FM thickness ratio (stack S2, hereafter). (b) 
m-H curve in stack S1 and (e) in stack S2, where blue and red color represent m-H curve in 
perpendicular direction with optimum Ru thickness and m-H curve in in-plane direction without 
Ru, respectively. Inset shows magnified m-Hz curve around μ0Hz = 0 mT. (c) Observed SyAF 
skyrmion bubbles in stack S1 under μ0Hz = 12 mT and (f) in stack S2 under μ0Hz = +13.5 mT, 
respectively. Scale bar corresponds to 8 μm. (g) The elongation direction of SyAF skyrmion 
bubble, where the direction of square wave-like arrow represents current flow direction. , 
denote up and down magnetic domain, respectively. (h) Current-induced elongation of SyAF 
skyrmion bubble for stack S1 under μ0Hz = +12 mT and (i) for stack S2 under μ0Hz = 13.5 mT. 
Yellow broken line means elongation direction of SyAF skyrmion bubble (a guide for the eye). ( j) 
J dependence of θsk for stack S1, and (k) for stack S2 where black square, red triangle, green 
inverted triangle and blue diamond means obtained results by negative J under positive Hz, 









 Micromagnetic simulation for the size and topology 
of synthetic antiferromagnetic skyrmion bubble 
 I utilize micromagnetic simulation to examine topological protection and sizes of SyAF 
skyrmion bubble in the optimized stack structures. I use MuMax3 as micromagnetic simulation 
software31. Table 4.1 displays the parameter list used for simulation. To avoid from divergence of 
calculation time, an effective medium model is employed14, where in magnetization compensation 
ratio mCom/mS is controlled by directly adjusting spontaneous magnetization MS. The other 
parameters are also modified accordingly. Starting from an antiferromagnetic checkerboard 
structure as shown in Fig. 4.10, the system is relaxed to explore energetically stable state14. 
 
Table 4.1 Micromagnetic simulation parameter list for validation of size and 
topology of the synthetic antiferromagnetic skyrmion bubble. 
 
 
Figure 4.10 Initial state of antiferromagnetic checker board without any in-
plane component of magnetic moment, where red and blue color represent 




First, I carry out simulation with interfacial DMI Di1 and Di2 = 0 and interlayer exchange 
coupling Jint = 0. Figure 4.11(a) shows the x, y and z components of normalized magnetization 
obtained after relaxation of the system from initial configuration. As expected, z component in top 
layer and magnified x component indicate a topologically trivial magnetic bubble without any 
synthetic antiferromagnetic coupling.  
I then, slightly increased Jint to -0.05 mJ m-2 which is less than half the experimental value. The 
relaxed magnetic configuration in Fig. 4.11(b) shows SyAF magnetic bubble without any topological 
protection, possibly originating from the absence of DMI. The stabilization of magnetic bubbles 
from micromagnetic simulations for much smaller Jint than that observed from experiments justifies 




Figure 4.11 The magnetic state of synthetic antiferromagnet after energy relaxation. (a) 
The magnetic state after relaxation for using Di1, i2 = 0, Jint = 0, z component, x component and 
y component of spin are placed on left, center (with the magnified one) and right, respectively. 
All the components are re-normalized. (b) The magnetic state after relaxation for using Di1, i2 = 
0, Jint = -0.05 mJ m-2, z component and x component of spin are placed on left and center (with 




Finally, I utilize experimentally obtained magnetic parameters (shown in Table 4.1) and 
investigate the possibility of realization of topologically non-trivial skyrmion bubble with SyAF 
coupling in these structures. My simulation results, shown in Fig. 4.12, reveals the stabilization of 
topologically protected SyAF skyrmion bubble with left-handed DW chirality. Further simulations 
by varying AS and MS1 up to 20 pJ m-1 and from 1.2 to 1.7 T, respectively, results in subtle modulation 




Figure 4.12 The magnetic state after relaxation for using parameter in Table S4, z 
component, x component and y component of spin are placed on left, center (with the 
magnified one) and right, respectively. 
 
Figure 4.13 shows magnetic field (Hz) dependence of the z-component of magnetization. For 
μ0Hz = 0 mT, SyAF multi-domain state is stabilized. Then, SyAF skyrmion bubble emerges with 
increasing Hz. For μ0Hz ≥ 150 mT, antiferromagnetic interlayer exchange coupling is broken resulting 
in creation of ferromagnetic skyrmion bubble. Finally, ferromagnetic uniform state is stabilized for 
μ0Hz = 200 mT. The obtained behavior from simulations are in good agreement with the 
experimental results, indicating feasible SyAF skyrmion state with the experimentally obtained 












Figure 4.13 Magnetic field dependence of z component of spin for using parameter in 
Table 4.1. The results at μ0Hz = 0, 0.5, 150 and 200 mT are on display from left side. 
 
To further prove the realization of SyAF skyrmion in the structures and possible emergence 
of any ferromagnetic skyrmion state, I investigate the initial magnetization configuration 
dependence of skyrmions as follows: 
#1. Bottom : Uniform (-), Top : Checkerboard 
#2. Bottom : Uniform (+), Top : Checkerboard  
#3. Bottom : Checkerboard, Top : Uniform (-) 
#4. Bottom : Checkerboard, Top : Uniform (+) 
#5. Bottom and Top : Checkerboard (ferromagnetic configuration, meaning that top and 
bottom layers possess completely same array), 
where the sign in parenthesis denotes the direction of z-component of magnetization. #1, #2, #3 
and #4 configurations result in a stable antiferromagnet uniform state while #5 relaxes to SyAF 
skyrmion bubble state as can be seen in Fig. 4.14. The present results validate the absence of any 








Figure 4.14 Initial magnetization configuration dependence of energy quasi-stable/stable 
state. 
 
Finally, I roughly evaluate the size of the SyAF skyrmion bubble by changing checkerboard 
size at the initial state. Table 4.2 summarizes initial checkerboard size versus the obtained size of 
SyAF skyrmion bubble at the converged state. My simulation results suggest the presence of energy 
potential well with the size of 1 to 2 μm, which is roughly consistent with experimental observation 
in Fig. 4.15, where the skyrmion bubble diameter Dsk in SyAF skyrmion bubbles are determined 
from total no. of pixels within yellow rectangle for various Hz. In addition, the result shows that the 
size of these skyrmion bubbles is insensitive to the magnetic field as long as bubble structure can 
be formed, which is also consistent with micromagnetic simulation. I note that further scaling of 
skyrmion sizes down to technologically relevant sizes of a few tens of nano-meters requires tuning 












Figure 4.15 The typical example of the picture used for determining the diameter of SyAF 
skyrmion bubble Dsk (left) is derived from total number of pixels within yellow 






 Velocity limit of synthetic antiferromagnetic skyrmion 
bubble derived by micromagnetic simulation 
So far, I have shown that achievable skyrmion velocity can be enhanced in synthetic 
antiferromagnetic (SyAF) systems due to the effectively compensated topological charge as well as 
the additive DMI and SOT. Here, I show using a micromagnetic simulation that upper limit of 
skyrmion velocity in SyAF systems is determined by the interlayer exchange coupling. I use MuMax3 
as micromagnetic simulation software31 as well. Table 4.3 shows the list of parameters used for 
simulation of current-induced skyrmion motion. I do not take into account field-like torque term 
and Zhang-Li spin-transfer torque term, since SOT (Slonczewski-like/anti-damping like torque) is 
predominant factor for skyrmion bubble motion in the case as shown in experimental part. Firstly, 
I present the exemplary current-induced motion of SyAF skyrmion with interlayer exchange 
coupling energy Jint = 0.1 mJ m-2 and current density along x direction J = 0.51011 A m-2 in Fig. 
4.16(a). As expected, I observe the SkHE-free current-induced motion with skyrmion velocity sk of 
61 m s-1. However, the SyAF-coupled skyrmion bubbles are subject to decoupling with increasing J 
as shown in Fig. 4.16(b). Skyrmion bubbles for top and bottom FM layers are compelled to undergo 
displacement in opposite directions owing to Magnus force (Fy) when exchange coupling force Fex 
< Fy. Fig. 4.16(c) shows larger interlayer exchange coupling case where Jint equals to 2.5 mJ m-2 
which is the largest magnitude13 observed hitherto to my knowledge. The SyAF skyrmion bubble 
is not decoupled with high J = 6.01011 A m-2 but it experiences elongation along the direction of 
Magnus force. Fig. 4.16(d) summarizes sk and aspect ratio (defined as the ratio of skyrmion size 
between y and x direction (y/x)) after 1 ns as a function of various Jint. I find that the elongation or 
decoupling is inhibited with increasing Jint and skyrmion velocity can be reached up to about 500 
m s-1 with aspect ratio of almost 1 for Jint = 2.5 mJ m-2. The skyrmion velocity increases with 
increasing J irrespective of Jint and aspect ratio, where the independence of Jint indicates that the 
exchange torque42–44 has no contribution due to the circular symmetry in two-dimensional space32. 
Note that the velocity decreases at high J for Jint = 0.1 mJ m-2 where skyrmion bubbles are 
decoupled. I presume that decoupling of skyrmion bubbles determines the upper limit of skyrmion 









Table 4.3 Parameter list for current-induced motion of  







Figure 4.16 Micromagnetic simulation for current-induced motion of synthetic 
antiferromagnetic skyrmion bubble. (a) Current-induced motion of SyAF skyrmion bubble 
with Jint = -0.1 mJ m-2 and spin-current density J = 0.5x1011 A m-2 captured per 0.5 ns, where top 
and bottom panels represent top and bottom ferromagnetic layer, respectively. (b) Current-
induced motion of SyAF skyrmion bubble with Jint = -0.1 mJ m-2 and J = 2.0x1011 A m-2. Subsequent 
images were captured in 0.1 ns time-step during simulations. (c) Current-induced motion of SyAF 
skyrmion bubble with Jint = -2.5 mJ m-2 and J = 6.0x1011 A m-2 for initial state (left panels) and 
after 2.0 ns (right panels). (d) J dependence of sk (open symbol, left axis) and aspect ratio (filled 
symbol, right axis) as a function of various Jint, where blue, red and yellow green denote -0.1, -




 Discussion and Future prospect 
I have shown a formation of SyAF skyrmion bubbles at room temperature, which can be 
moved by SOT with negligible SkHE and much faster speed for a given current density than 
ferromagnetic systems. Hereafter, I discuss challenges and prospects of SyAF skyrmion bubbles 
based on the obtained results. Firstly, I elaborate on the velocity. While I have shown that SyAF 
skyrmion bubbles move faster than ferromagnetic counterpart, the achieved speed is smaller than 
that reported in a Pt/CoFeB/MgO multilayer as discussed in previous section. In this regard, 
engineering of pinning as well as enhancement of SOT are important challenges to achieve even 
faster and lower-current operation. I also note that while SyAF skyrmion is free from the limitation 
of velocity caused by SkHE55, a micromagnetic simulation predicts another upper limit of accessible 
speed defined by the interlayer exchange coupling. Secondly, the SyAF system is also beneficial in 
terms of formation of ultra-small skyrmions with high thermal stability. For ferromagnetic systems, 
small skyrmions (< 10 nm) have been realized in single ultra-thin ferromagnetic layer only at low 
temperature due to low stability56, whereas multilayer systems achieves room temperature 
skyrmions with inevitably increased size due to a significant stray field32. Meanwhile, SyAF systems 
have a potential to accommodate ultra-small skyrmions at room temperature thanks to an 
increased volume with negligible stray field. I also note that although compensated ferrimagnetic-
alloy systems in principle share the advantage of the SyAF system, it is limited to a specific 




In summary, the results shown in this chapter demonstrate a formation of SyAF-coupled 
skyrmion bubbles at room temperature. The emerged skyrmions can be driven by SOT with smaller 
current density and negligible SkHE than their ferromagnetic counterparts. The findings will open 
a new avenue for future spintronic applications that achieves an energy-efficient and reliable 
electrical control of nanoscale skyrmions. 
 Lastly, I learned that a similar work has been recently reported by Legrand et al.57 which was 
done independently at all. They elaborate the formation of SyAF-coupled skyrmion, whereas I 
achieve a formation and motion of SyAF skyrmion by engineering the stack to effectively utilize 
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This dissertation revealed how to realize antiferromagnetic skyrmion bubble at room 
temperature and experimentally demonstrated it in synthetic antiferromagnet by material 
engineering. In addition, the remarkable properties as for current-induced dynamics as compared 
ferromagnetic counterpart were distinctly unraveled.  
In chapter 3, it was quantitatively evaluated that Dzyaloshinskii-Moriya interaction (DMI) and 
spin-orbit torque (SOT) at Pt, Ir, W/Co, (Co)FeB interfaces for formation of synthetic 
antiferromagnetic skyrmion bubble and its current-induced dynamics. In W/(Co)FeB/MgO systems, 
the sign of DMI is reversed with varying the ferromagnetic layer thickness. Left-handed/counter-
clockwise (right-handed/clockwise) domain wall chirality have been emerged in thicker teff > 0.8 nm 
(thinner teff < 0.8 nm) regime. The comparison with theoretical calculation suggests that the origin 
could be related to extrinsic contribution such as oxide and annealing. It is suggested that the sign 
of DMI at Ir interface is changed by ferromagnet material (left-handed/counter clockwise at Ir/Co, 
right-handed/clockwise at Ir/CoFeB interface). The strength of SOT efficiency is Pt>W>Ir. All the 
heavy metal (Pt, Ir, W) can contribute to the increase of SOT efficiency without cancelling out SOT. 
All the results in this chapter indicates that Pt/Co/CoFeB/Ir/Co/CoFeB/W is one of the reasonable 
structures for formation of synthetic antiferromagnetic skyrmion bubble and its current-induced 
motion. 
In chapter 4, magnetic skyrmion bubble emerged in tailored synthetic antiferromagnet at 
room temperature was investigated in various aspects including the topology, size and current-
induced dynamics. The stack structure was tailored for formation of synthetic antiferromagnetic 
skyrmion bubble at room temperature base on the conclusion in chapter 3, where the 
magnetization compensation ratio was tailored to be finite intentionally due to the detection 
through magneto-optical Kerr effect. The tailored stack showed no remanence at zero magnetic 
field in magnetization measurement and the magnetic skyrmion-like bubble was observed through 
magneto-optical polar Kerr effect. To characterize the magnetization profile of the observed 
skyrmion-like bubble, micromagnetic simulation was conducted by using magnetic parameters 
experimentally evaluated by the separate measurement. The simulation clearly indicated that the 
observed skyrmion-like bubble was topologically protected soliton with left-handed/counter-
clockwise domain wall chirality and interlayer antiferromagnetic coupled, so-called synthetic 
antiferromagnetic skyrmion bubble. Furthermore, it was revealed that the ferromagnetic one could 
not be emerged in the tailored stack as long as the strength of applied magnetic field was lower 
than interlayer exchange coupling, which was around 150 mT being consistent with the 
experimental results, implying employed magnetic parameter was reasonable. Then, it was 
demonstrated that the synthetic antiferromagnetic skyrmion bubble can be displaced by current 
pulse through spin-orbit torque. The direction was current flow direction, consistent with the 
scenario of having left-handed/counter-clockwise domain wall chirality and tailored spin-orbit 
torque to be positive sign. Besides, synthetic antiferromagnetic skyrmion bubbles could be moved 
by much lower current density than ferromagnetic counterpart in the comparable velocity. The 




elucidated that the behavior was ascribed to the enhanced spin-orbit torque efficiency and 
reduction of topological damping. It was also shown that synthetic antiferromagnetic skyrmion 
bubble exhibits no skyrmion Hall effect thanks to compensated effective topological charge while 
ferromagnetic counterpart has large angle on the effect. The material systems with Ir provided 
relatively smaller skyrmion Hall angle than that of the systems with Ru possibly owing to increasing 
effective Gilbert damping because of spin-mixing conductance enhanced at heavy-
metal/ferromagnet interface. Whereas the current-induced velocity of ferromagnetic skyrmion 
bubble is limited by the skyrmion Hall effect, the synthetic antiferromagnetic counterpart is limited 
by the strength of interlayer exchange coupling, which was comprehended from micromagnetic 
simulation. The simulation was also suggested that accessible magnitude of interlayer exchange 
coupling allows the velocity to reach about 500 km s-1. As a whole in this chapter, it was shown that 
the potential of synthetic antiferromagnetic skyrmion bubble against ferromagnetic one in 
skyrmionic device application including skyrmion-racetrack memory. 
In conclusion, I showed synthetic antiferromagnetic skyrmion bubbles, realized at room 
temperature by material engineering, which are free from the issues originating from the topology 
while keeping the virtue of topological protection. The findings in this doctoral dissertation break 







1. Domain wall energy with DMI 
First of all, I derive typical domain wall energy and the angle as a function of x direction 
assuming simple one-dimensional model. I define θ and φ as the zenith and azimuthal angle, 
respectively. Exchange stiffness AS term becomes 






















































































































































































































































































































































































































I utilize in-plane component of magnetic moment as the index of effective magnetic anisotropy 




Method is significant clear. I calculate variable problem f = f(x, θ, θ’), functional I consists of 
   















where ε and η(x) are arbitrary infinitesimal displacement and arbitrary function of position x. I 
consider infinitesimal variation of functional. 






























































I take partial integral for third term, 
     














































































































where I utilize the boundary condition as fixed edge of domain wall because of not being spin-












I recall eq. (A 1.2): 
















































































































































































































In addition, by substituting eq. (A 1.8) for eq. (A 1.2), I obtain typical domain wall energy γ0, 










































































Then, I include Dzyaloshinskii-Moriya term and in-plane magnetic field Hin. Assuming one-




























































































































where I assume that φ does not depend on x as well. This term means that twisting spins decreases 
the energy of the system. Note that right-handed chirality means D being positive for this notation 
(When the dθ/dx > 0 with positive D, the system’s energy decreases.). Then, I define the azimuthal 

























































































When one calculates by calculus of variations, in-plane magnetic field term forces the calculation 
to be complicated due to sin2θ and sinθ so that I utilize analogy for typical domain wall energy 
calculation assuming demagnetization field for in-plane direction, Hin, and D being smaller than KU 





























































































































































The domain wall has similar trend like eq. (A 1.9) based on above assumption, thus it is better to 
derive equilibrium domain wall energy with respect to general domain wall width δ after 
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Eventually, I leave them by first order: 
   
   
   













































































































I obtain general form of DW energy for one-dimensional model with first-order approximation. 
When I apply in-plane magnetic field Hx in positive direction with assuming Ny ≈ 0 for length 

































































































































































































Therefore, Néel configuration in domain wall is stabilized when mixture DMI effective field with in-
plane magnetic field equals 4KD/πMS. In other words, the condition which imposes Néel 






















where – and + correspond to the direction of magnetic domain wall being 0 and π. If I consider 











otherwise,     2
4

























  . 
 
(A 1.26) 
Top and bottom conditions correspond to the mixture of Bloch and Néel-type domain-wall 
configuration, and complete Néel-type configuration, respectively. By the way, if the in-plane 















































 HHMK x . 
 
(A 1.28) 
In summary, when either the in-plane magnetic field definitely compensates Dzyaloshinskii-Moriya 
effective field or there is no in-plane magnetic field and DMI, domain wall configuration is turned 
into complete Bloch-type configuration where domain wall energy is maximized. 
By the way, Kim et al. revealed that intrinsic antisymmetric contribution is emerged in in-plane 





2. Dissipative force 
According to Jiang et al.,4 in order to determine dissipative force, I conduct approximation as 






































Figure A 1.1 The schematic utilized for approximation of θ(r). 
 
For instance, the integral of dissipative tensor term in Dxx term becomes 







































































































































































































































where Dsk denotes the skyrmion diameter. In addition, I ignore sinθ/r due to be insignificant against 
∂θ/∂r term and assume isotropic exchange ASxx=ASyy. A sinθ/r indicates the curvature energy cost 
for circular shape magnetic domain, hence I can ignore that term providing that Dsk >> δ. Here, I 
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